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Abstract 
 
The research presented in this dissertation focuses on chiral BINOL metal 
phosphate\phosphoric acid catalyzed enantioselective additions of phosphorus and sulfur 
nucleophiles to imines and epoxides. In chapter 2, we reported a new method to 
synthesize chiral α-amino phosphine oxides. The reaction combines N-substituted imines 
and diphenylphosphine oxide catalyzed by chiral magnesium 9-antryl phosphate. A wide 
variety of aliphatic and aromatic aldimines substituted by electron neutral benzhydryl or 
dibenzocycloheptene groups were excellent substrates for the addition reaction. The 
imines protected with dibenzocycloheptene protecting group provided better 
enantioselectivity than those protected with benzhydryl group, while both imines gave 
comparable yields. Also, the substituted diphenylphosphine oxides were excellent 
nucleophiles obtaining chiral α-amino phosphine oxides in good yields and 
enantioselectivities. 
In chapter 3, we reported the first catalytic asymmetric method to prepare 
enantioenriched N,S-acetals catalyzed TRIP phosphoric acids. The reaction combined N-
acyl imines with thiols to generate products in excellent yield and enantioselectivity. 
Electron-rich and electron-deficient aromatic N-acyl imines were excellent substrate for 
the addition reaction. A wide range of aliphatic and aromatic thiols obtained the N,S-
acetals in excellent yields and enantioselectivities. 
 The TRIP phosphoric acid was found to be an extremely efficient catalyst for the 
transformation, resulting in asymmetric induction at extremely low catalyst loading. 
! xi!
In chapter 4, a highly enantioselective method for desymmetrization of meso-
epoxides using thiols catalyzed by substituted BINOL lithium phosphate is reported. This 
is the first example of epoxide activation using metal phosphate is reported. Various five 
and six membered aliphatic cyclic meso-epoxides were excellent substrates for the 
desymmetrization reaction; aromatic acyclic epoxides also reacted with excellent yield 
and asymmetric induction. Similarly electron rich and electron deficient aromatic thiols 
obtained the β-hydroxyl sulfides in excellent yields and enantioselectivities.  
 
 
 1 
Chapter 1 
Overview of Chiral Metal Phosphate in Asymmetric Catalysis 
1.1. Asymmetric Catalysis 
In 1970`s the classical resolution of racemic compounds was the primary method 
for synthesis of chiral compounds. There are many know methods used to obtain 
optically pure compounds such as the chemical transformation of naturally occurring 
chiral molecules, (e.g. amino acids, carbohydrates, alkaloids, tartaric acids, and others). 
Among several, two main drawbacks to this method are, the chiral resolution would only 
yield up to 50 % of the product and the second being the required use of stoichiometric 
amounts of a suitable precursor. Asymmetric catalysis has a tremendous advantage over 
the historic methods as discussed, as synthetic catalyst can produce large amount of 
naturally occurring and man-made chiral molecules without being consumed during the 
process. Arguably the most successful catalysts in the field of asymmetric catalysis are 
chiral organometallic compound.1 The organometallic compounds are synthesized by 
coordination of a metal ion typically by a chiral heteroatom containing organic scaffold. 
BINAP (2,2’-diphenylphosphino-1,1’-binapthyl), BINOL (1, 1’-bi-2-napthol), 
Bis(oxazoline), Salen, and Cinchiona alkaloids are among the most efficacious chiral 
scaffolds used in asymmetric catalysis. Due to their exceptional reactivity and selectivity 
for a wide range of reactions, they are generally referred as privileged ligands (Figure 
1.1).2
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Figure 1.1. Privileged ligands 
 
Of the privileged chiral ligands, BINOL has become the most widely used 
scaffold in stoichiometric or catalytic asymmetric reactions.  BINOL, an axially chiral 
molecule, is resolved by different enzymatic and chemical methods.  Interestingly among 
these methods, Jacques et al.3 first described the resolution of BINOL by synthesizing 
BINOL phosphoric acid. The phosphoric acid was treated with (+) or (−) cinchiona salts. 
Isolation of cinchonine phosphate salt, reacidification, phosphate methylation and 
subsequent reduction with Red-Al steps were involved (Scheme 1.1).  
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Scheme 1.1. Chemical resolution of BINOL 
 
1.2. BINOL/VAPOL Phosphate: Evolution in Last Two Decades.  
Since the 1990`s BINOL phosphate has been used as a chiral resolution agent for 
synthesis of chiral BINOL phosphates as well as occasionally used as chiral ligands for 
transition metal catalysts. In 2004, Akiyama,4 and Terada,5 independently discovered 
chiral BINOL phosphoric acid catalyzed Mannich-type reaction of aldimines with ketene 
silyl acetals and Aza-Friedel-Craft alkylation of furans with N-Boc aldimines. These 
reactions were proposed to proceed via an iminium ion formation by phosphoric acid 
activation; this discovery of chiral Brønsted acid catalysts pioneered the new branch of 
asymmetric organocatalysis.  
After 2004, List6, Toste7 and others developed a new mode of catalysis using 
phosphate anions known as asymmetric counteranion directed catalysis (ACDC). Many 
reactions proceed by cationic intermediate formation; which can be performed 
enantioselectively by introduction chiral phosphate counteranion. The phosphate ligands 
O
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 4 
can then be used successfully as chiral counteranions for number of palladium, and gold 
catalyzed reactions. Examples of asymmetric counteranion directed catalysis will be 
discussed subsequently in this chapter. 
In 2009, Ishihara showed that the BINOL phosphoric acids easily become 
contaminated with different alkali and alkaline earth metals during purification by 
column chromatography. These chiral phosphate metal complexes were shown to 
catalyze many reactions8 including imines.9 These finding by Ishihara et.al. offered a new 
tool (alkali/alkaline earth metal phosphate catalyst) to the scientific community. In this 
chapter, we will mainly focus on the wide range of reactions catalyzed by different metal 
BINOL/VAPOL phosphates across the periodic table as well as a few examples of 
phosphate counteranion directed asymmetric catalysis. 
1.3. Chiral Phosphoric Acid vs. Chiral Metal Phosphate  
In regards to both chiral BINOL metal phosphates and phosphoric acids, the 
sterics of the substituents on the BINOL scaffold can be modulated to provide a required 
chiral environment around the active site for optimum enantioselectivity. The main 
difference between the two systems is that the chiral BINOL phosphoric acid acts a 
Brønsted acid activating the electrophiles by a hydrogen bonding interaction. The metal 
phosphate activates the substrates with a lewis acidic metal site, while the phosphoryl 
oxygen (P=O) acts as a Brønsted basic or Lewis basic site for nucleophilic activation in 
both cases. 10 
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Figure 1.2. Chiral BINOL phosphoric acid vs. BINOL metal phosphate 
 
1.4. Chiral BINOL Phosphate Ligand for Transition Metal Complexes   
 In this section, chiral transition metal BINOL phosphate catalyzed asymmetric 
transformations are discussed.  
1.4.1. Palladium Phosphates 
The first example of BINOL phosphate as a ligand was reported Alper et al.11 in 
1992 for a palladium catalyzed hydrocarboxylation of p-Isobutylstyrene (2) and 2-vinyl- 
6-methoxynapthalene (4). The product ibuprofene (3) and naproxen (5) were obtained in 
good yield and enantioselectivity (Scheme 1.2).  
More recently, Mukherjee and List6 reported the first example of highly 
enantioselective Pd/ Brønsted acid catalyzed direct Tsuji-Trost-type α-allylation of 
aldehydes. The reaction enabled the synthesis of quaternary chiral centers in excellent 
enantioselectivities by α-allylation of differently substituted aldehydes. According to the 
proposed mechanism, the reaction proceeds with the attack of enamine species on a π-
allyl-Pd-complex in the coordination sphere of the phosphate counter anion (Scheme 
1.3). Subsequently List12 et al also published α-allylation of aldehydes with simple 
allylic alcohols using the same catalytic system  
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Scheme 1.2. Palladium phosphate catalyzed synthesis of ibuprofene and naproxen 
 
 
Scheme 1.3. Palladium phosphate catalyzed asymmetric Tsuji-Trost allylation of 
aldehydes 
 
1.4.2. Gold Phosphates 
Transition metal catalyzed addition of alcohols with alkenes and alkynes are well 
documented in literature. Only Au(I) complexes have been successful in promoting 
asymmetric hydroalkylation of allenes, however this transformation is plagued by 
limited substrate scope and low enantioselectivities.13 In this context, Hamilton7 et al  
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Scheme 1.4.  Highly asymmetric hydroalkoxylation and hydroamination of allenes 
 
reported a highly asymmetric hydroalkoxylation and hydroamination of allenes using 
combination of gold (I) phosphine and chiral silver phosphate catalyst. Various 
substrates including terminal allenes, as well as α and β-positions of the alcohols were 
well tolerated. Mixing of Ph(CH3)2PAuCl or dppm(AuCl)2 and chiral Ag [(R)-TRIP]-6 
resulted in formation of cationic Au (I) species by precipitation of AgCl from solution. 
The cationic Au (I) with TRIP counteranion was proposed to be the active species for 
the reaction.  
Next, the authors extended this methodology to the synthesis of biologically 
important heterocycles, such as isoxazolidines using [dppm(AuCl)2], Ag-(R)-TRIP-6 
catalyst combination.14 
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1.4.3. Silver Phosphate  
 Rueping15 published the first example of enantioselective alkylation of α-imino 
esters with differently substituted phenylacetylene in the presence of silver acetate and 9-
phenanthryl phosphoric acid (R-12). The reaction obtained the products in good yields 
and enantioselectivities. Authors proposed two catalytic cycles, in which imino esters 
were activated by chiral phosphoric acid and the nucleophile was activated by metal salt 
simultaneously. However, in concluding remarks authors have not excluded the 
possibility of formation of a chiral silver phosphate complex as a possibility (Scheme 
1.5).  
 
Scheme 1.5. Enantioselective alkylation of α -imino esters catalyzed by silver phosphates 
 
 Similarly, Toste16 developed a chiral phosphate anion mediated asymmetric ring 
opening of meso-aziridinium ions with alcohols. Chiral silver phosphate, the catalyst used 
for the reaction was generated in situ by treatment of TRIP phosphoric acid and slight 
excess of silver carbonate. Secondary, tertiary, and relatively hindered primary alcohols 
all yielded product with high enantioselectivity. Acyclic amines, five and six membered 
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cyclic amines aziridinium ions with alcohols were also well tolerated.  This methodology 
was also extended to ring opening of episulfonium ion with various alcohols with good 
stereoinduction.  
In other notable examples, Tu17 et al developed the first enantioselective semi 
pinacol rearrangement for the synthesis of chiral spiroether using chiral Ag-(R)-TRIP-6 
catalyst.  
 
Scheme 1.6: Chiral silver phosphate mediated asymmetric ring opening of meso-
epoxides 
 
1.4.4. Phosphate counter-anions for Iridium Catalyzed Reactions 
Chiral amines are synthesized by asymmetric reduction of imines, however the 
imine starting material is often very difficult to synthesize and is prone to hydrolysis.  
A more direct way to synthesize chiral amines is by one pot asymmetric reductive 
amination of prochiral ketones as described by Macmillan,18 List19 and Antilla.20  
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Inspired by their work, Xiao et al.21 reported direct asymmetric reductive 
amination of ketones by an iridium derived catalyst and chiral phosphoric acid. A wide 
variety of substrates including aryl methyl ketones, sterically demanding ketones, and  
 
Scheme 1.7.  Enantioselective reductive amination of ketones 
 
dialkyl ketones achieved the products in high yields and enantioselectivities. The 
observed selectivities were due to the phosphate counteranion, the chiral ligands of the 
rhodium metal, and simultaneous activation of iminium ion a chiral phosphoric acid 
(Scheme 1.7).21 In another example of iridium phosphate mediated catalysis, 
carbocylization of 1,6 enynes has been also reported.22  
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1.4.5. Copper Phosphates 
Construction of C-C bond by catalytic enantioselective conjugate addition of 
carbon nucleophiles is an attractive strategy in terms of atom and step economy23. In this 
context, Shibasaki and coworkers24 reported asymmetric conjugate addition of terminal 
alkynes to α,β-unsaturated thioamides catalyzed by  [Cu(CH3CN)4]PF6, (R)-3,5-i-Pr-4-
Me2N-MeOBIPHEP (soft Lewis acid) and Li(OC6H4-p-OMe) (hard Brønsted base). The 
addition products were obtained in high yields and enantioselectivities. Aliphatic terminal 
alkynes afforded the moderate enantioselectivities; therefore chiral phosphate 
counteranion was used as an additional stereo-controlling element for the copper catalyst 
(complex-22). The bulky phosphate anion acting as a hard Lewis base in proximity of Cu 
cation enhanced the reaction rate, obtaining the products in good yields and good 
asymmetric induction (Scheme 1.8).  
In another example of a phosphate counterion for copper (II) catalyst, Toste and 
coworkers25 synthesized highly substituted chiral furans by cycloisomerization and 
subsequent indole addition. Cyclohexenone derivatives 20 and indole 27 when treated 
with Cu[(S)-TRIP-6]2  obtained the products in good yields and enantioselectivities. The 
aliphatic, aromatic alkynes, as well as electron withdrawing or electron donating groups 
on the indole ring were well tolerated, however N-protected indole such as 2-methyl 
indole were found to be less active substrate achieving low asymmetric induction. The 
copper-indole complex generated by treatment of copper catalyst with indole was 
proposed to be the active catalyst for this reaction (scheme 1.18).  
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Scheme 1.8. Conjugate addition of aliphatic alkynes to α,β-unsaturated thioamides 
 
 
Scheme 1.9. Cycloisomerization and subsequent indole addition reaction.  
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1.4.6. Phosphate as a Counteranion for Mn (III) Catalyzed Enantioselective 
Epoxidation of Alkenes 
Jacobsen26 and Katsuki27 pioneered chiral Mn-Salen catalyzed epoxidation of 
functionalized alkenes. List and coworkers28 hypothesized that the axial chlorine ligand 
on the achiral Mn-Salen complex could be substituted with bulky chiral phosphate 
counteranion inducing the chiral bias around the metal center. The 4-tert-butylphenyl-
substituted-BINOL phosphate and achiral Mn (II)-salen complex were found to be the 
most suitable combination (complex-29) for epoxidation of wide range of alkenes with 
high yield and selectivity. The alkenes with ester, nitro, ethers, and nitrile functional 
groups showed excellent reactivity, and the enantioselectivities observed were 
comparable with Jacobsen catalyst. Similarly for electron deficient alkenes and styrenes 
slightly higher asymmetric induction was observed with the ion-pair catalyst.29  
According to the authors, the chiral phosphate species acts as a ‘hand holding a tool’, 
where the phosphate anion essentially locks the manganese salen catalyst in a chiral 
conformation, which then acts as a enantioselective catalyst for the epoxidation reaction 
(Scheme 1.10). 
1.4.7 Iron Phosphate Catalysis  
Chiral Brønsted acid mediated iron catalyzed enantioselective Friedel-Crafts 
alkylation of indoles with β-aryl α'-hydroxy enones was reported by Huang and 
coworkers.30 During optimization, 4-chlorophenyl-subtituted α`-hydroxy enone 33 was 
treated with indole 34 in the presence of binary catalyst system of FeCl3 and 2-napthyl 
phosphoric acid (R)-32, obtaining the Friedel-Craft addition product in good yield 
 
 14 
 
Scheme 1.10. Asymmetric epoxidation of alkenes  
 
 
Scheme 1.11. Friedel-Crafts alkylation of indoles with β-aryl α’-hydroxy enones 
 
and 90% ee. The aromatic enones with phenyl group, and electron withdrawing groups 
on meta and para positions of the phenyl ring resulted in good yields and asymmetric 
induction. Ortho substituent on phenyl ring of enones strongly diminished the 
R2
R3R
1
R2
R3R
1
O
PhIO (1.2 equiv)
C6H6, rt, 2-12 h
N N
O O
t-Bu
t-Bu t-Bu
t-Bu
H H
Mn
O O
P
R R
 
(R = 4-t-Bu-C6H4) 
complex -29
OO
+
O
O
Me
Me
NC
31a, ee: 94%
yield: 98%
O
O
Me
Me
MeO
31b, ee: 92%
yield: 83%
O
O
31c, ee: 94%
yield: 93%
O
31d, ee: 70%
yield: 80%
O
O
31e, ee: 84%
yield: 92%
31f, ee: 92%
yield: 97%
d.r (cis/trans) 1:3
complex-29 (5 mol% )
30 31
Selected examples
O
R1 N
HHO
+
O
HO
NH
R1
O
O
P
R
R
OH
O
(R)- 32
R =
CH2Cl2, -40 °C, 24 h
O
HO
NH
35a, ee: 85%
yield: 82%
O
HO
NH
BrCl
O
HO
NH
Cl
35b ee: 90%
yield: 80%
35c ee: 69%
yield: 75%
Selected examples
(R)- 32, 5 mol%
AgOTf (30 mol%), 
FeCl3 (5mol%)
33 34 35
 15 
enantioselectivity presumably due to steric hindrance.  Lower enantioselectivities were 
obtained for the N-substituted indoles thereby suggesting that the N-H group is involved  
in a hydrogen bonding interaction with the phosphoryl oxygen of the catalyst (Scheme 
1.11).  
In another example, Iron (I) complex and chiral Brønsted acid mediated 
enantioselective hydrogenation of imines was reported.31 The reduction of N-phenyl 
substituted aromatic and aliphatic imine using combination of Knölker iron complex 36, 
(a transfer hydrogenation catalyst)32, and (R)-TRIP-6 is shown. The aromatic imines with 
electron donating, electron withdrawing, and hetero-aryl substituted imines were 
excellent substrates for the reduction reaction and obtained the chiral amines in excellent 
enantioselectivity. Although for Aliphatic imines, the products were achieved with 
slightly lower selectivities (Scheme 1.12).  
1.4.8. Iodomethyl Zinc Phosphate Reagent for Cyclopropanation of Alkenes 
The Simmons Smith reagent33 is the most common reagent used for 
cyclopropanation of alkene. Iodomethyl zinc phosphate, a novel modified version of this 
reagent was synthesized and used for asymmetric cyclopropanation by Charette group.34 
The chiral iodomethyl zinc phosphate was synthesized by mixing chiral BINOL 
phosphoric acid, Et2Zn, and CH2I2 in equal amounts. As depicted in the scheme, the 
cyclopropanation products were obtained in excellent yields and good 
enantioselectivities. However, the reaction required the use of stoichiometric amounts of 
expensive chiral phosphoric acids. The catalytic version of this reaction was also tested, a 
10 mol % catalyst loading resulted in 68% ee, while additives such as 1,2-dimethoxy-
 16 
ethane (DME) helped improved the enantioselectivity and obtained the product with 88% 
asymmetric induction (Scheme 1. 13).  
 
Scheme 1.12. Enantioselective hydrogenation of imines 
 
 
Scheme 1.13. Iodomethyl zinc phosphate reagent for cyclopropanation of alkenes 
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1.5. Lanthanide Phosphates  
1.5.1. Yetterbium and Cerium Phosphates 
Inagana and coworkers35 reported the first example of asymmetric hetero Diels-
Alder reaction catalyzed by lanthanide phosphate. The reaction of differently substituted 
benzaldehydes with Danishefsky`s diene in the presence of 10 mol % of yetterbium (III) 
BINOL phosphate resulted in excellent yields and asymmetric induction for chiral 2,3-
dihydro-4H-pyrane-4-ones products. The use of 2,6-lutidine as additive helped dissolve 
the catalyst and improved the selectivity for the Diels-Alder reaction. The lower 
enantiomeric excess was obtained for aliphatic aldehyde, indicating the coordination of 
substrate carbonyl to ytterbium ion, as well as the π-π interaction between the substrate 
and catalyst binapthyl ring was crucial for high selectivity (Scheme 1.14). In a follow up 
publication, Inanaga36 demonstrated that the cerium (III) BINOL phosphate can also be  
 
Scheme 1.14. Yetterbium phosphate catalyzed Diels-Alder reaction 
 
1.5.2. Scandium Phosphates 
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functionalized 1,2 ring-opened compounds. In continuation of chiral rare earth BINOL 
phosphate catalyzed reactions, Inagana and coworkers reported37 Michael addition of O-
alkylhydroxyiamine to α,β-unsaturated ketones using scandium BINOL phosphate. A 
series of 1:3 complexes of trivalent rare earth metal ions with chiral phosphoric acid were 
prepared, among them scandium (III) phosphate was found to be the most active catalyst,  
 
Scheme 1.15. Yetterbium phosphate catalyzed enantioselective aziridination reaction 
 
and the O-diphenylmethylhydroxylamine nucleophile was particularly effective, 
achieving 99% enantioselectivity. However, longer reaction period was required 
presumably due to the steric interactions between phenyl groups of the amine and the 
phenyl rings of the catalyst. α,β-unsaturated ketones with electron-donating and electron-
withdrawing substituents showed excellent reactivity and obtained the addition products 
in high enantiomeric excess. The addition products were converted to 2-acyl aziridines by 
treatment with catalytic amounts of sodium tert-butoxide in THF at ambient temperatures 
in quantitative yields without erosion of any enantioselectivity (Scheme 1.15).  
In 2006, Inanaga et al.38 published one last paper on chiral rare earth BINOL 
phosphate catalyzed reactions, where they reported asymmetric fluorination of β-keto 
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ester catalyzed by chiral scandium octafluorobinapthyl phosphate good yields and 
moderate to good enantioselectivities.38  
1.6. Alkali, Alkaline Earth, and Group (III) Metal Phosphates 
1.6.1. Sodium Phosphates  
Shen et al.39 reported the first example of sodium BINOL phosphate catalyzed 
enantioselective Strecker reaction. N-diphenylphosphinoly (Dpp)-protected ketimines 
when treated with TMS-CN in the presence of 10 mol % catalyst sodium BINOL 
phosphate and additive para-butyl-ortho-adamantyl phenol (PBAP) resulted in the best 
yield and enantioselectivity. The substrate scope for the reaction was excellent, ketimines 
with electron withdrawing; electron donation, bulky aromatic groups and aliphatic 
ketimines were excellent substrate yielding products with good yield and excellent 
asymmetric induction. (Scheme 1.16). 
 
Scheme 1.16. Sodium BINOL phosphate catalyzed enantioselective Strecker reaction 
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ions. The resulting products were obtained in good yields and moderate to good 
enantioselectivities under ambient reaction conditions  
1.6.2. Lithium Phosphates 
Ishihara41 reported the first example of lithium BINOL phosphate catalyzed 
cyanosilyation of ketones. The 3, 3`-phenyl substituted BINOL phosphate and toluene 
were the most suitable catalyst and solvent for the reaction respectively. Under the 
optimized reaction conditions, aromatic ketones with electron-withdrawing groups gave 
the products in high yields but with moderate to good enantioselectivities were observed, 
similarly relatively less reactive aromatic ketones, up to 63% ee was achieved. The 
authors postulated the lithium phosphate activated the carbonyl moiety and TMSCN, 
resulting in the formation of a six membered cyclic transition state. The cyanide of the 
hypervalent silicon species would then attacked the carbonyl of the ketone resulted in 
formation of the product (Scheme 1.17).  
 
Scheme 1.17. Lithium BINOL phosphate catalyzed cyanosilyation of ketones 
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1.6.3. Calcium Phosphates  
Before 2010, few reports were published in the literature describing the use of 
alkali/alkaline earth metal BINOL phosphate. However, in a breakthrough study, Ishihara 
et.al.42 proposed that, the chiral phosphoric acids easily become contaminated with 
different alkali and alkaline earth metals during purification by column chromatography 
resulting in formation of the phosphate metal complex. To prove their hypothesis, the 
authors synthesized different alkali/alkaline earth metal complexes with phosphoric acids 
which were then employed as catalysts for direct enantioselective Mannich type reaction 
of aldimines with 1,3 dicarbonyl compounds. Ca[(R)-37) was found to be the most 
effective catalyst for the above transformation giving product in excellent yield and 92% 
ee. Next, authors explored more challenging pro-nucleophiles, such as β-ketoesters and β-
ketothioester for the direct Mannich type reaction of aldimines. Fortunately, β-
ketothioester with different substituents resulted in a smooth reaction forming the 
corresponding addition products with high yields and enantioselectivities. The direct 
Mannich type reaction of aldimines with 1,3 dicarbonyl compounds is also catalyzed by 
chiral BINOL phosphoric acids with high yield and excellent asymmetric induction as 
reported by Terada43 in 2004 (Scheme 1.18). 
After Ishihara`s findings, our group published two consecutive publications using 
chiral calcium VAPOL phosphate catalyst Ca[(S)-55]2. In the first report44, Wenhua 
Zhang reported asymmetric chlorination of oxindole with N-chlorosuccinimide. This was 
the first example of an enantioselective synthesis of 3-chlorooxyindol (58), these chiral 
halogenated compounds could be explored for their therapeutic potentials.45 In terms of a  
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Scheme 1.18. Calcium phosphate catalyzed Mannich type reaction of aldimines with β-
ketothioester  
 
 
Scheme 1.19. Calcium VAPOL Phosphate catalyzed asymmetric chlorination of oxindole 
with N-chlorosuccinimide 
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position of oxindole resulted in good yield but modest asymmetric induction (Scheme 
1.19). Similarly a highly enantioselective catalytic benzoyloxylation of 3-aryloxindole 
using benzoyl peroxide was described by Zuhui Zhang.8a Chiral 3-hydroxy-2-oxindoles 
motifs are found in many natural products46 and biologically active molecules,47 this 
methodology gives access to these molecules by simple reduction after the 
benzoyloxylation step. Electron donating and electron withdrawing groups on 3-aryl ring, 
and arene ring of the oxindole were excellent substrates for the benzoyloxylation reaction 
achieving the corresponding products in excellent yields and enantioselectivities (Scheme 
1.20). Also in other examples of calcium BINOL phosphate catalyzed reactions, 
electrophilic amination of enamides was reported recently by Zhu et al.48 
 
Scheme 1.20. Calcium VAPOL Phosphate catalyzed asymmetric benzoyloxylation of 
oxindole 
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Chiral phosphoric acid catalyzed asymmetric Friedel-Craft reaction of activated 
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et al.50 reported an enantioselective Friedel-Crafts reaction of β,γ-unsaturated α-keto-
esters with phenols catalyzed by binary Brønsted acid (S)-61, and Lewis acid (MgF2) 
system. Under optimal conditions, a variety of β,γ-unsaturated α-keto-esters gave the 
desired Friedel-Craft alkylation with free phenols. Similarly, the binary catalytic system 
worked well with other nucleophiles such as indole, achieving high asymmetric induction 
in addition products.  
In a series of control experiments, BINOL derived phosphoric acids, sodium 
phosphate, pyridinium salt of BINOL phosphoric acid, or MgF2 did not promote the 
Friedel-Craft alkylation reaction independently. These findings suggest that the  
 
Scheme 1.21. Enantioselective Friedel-Crafts reaction of β,γ-unsaturated α-keto-esters 
with phenols 
 
synergistic function of chiral Brønsted acid and Lewis acid result in a formation of active 
species for the effective catalysis (Scheme 1.21). 
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Larson et al.9 from our laboratory published asymmetric aza-Darzens reaction 
catalyzed VAPOL magnesium phosphate.  In the first step N-benzoyl imines were treated 
with α-chloro-1,3-diketones yielding the nucleophilic addition product. The addition 
products were obtained subsequently upon treatment of the chiral aziridine with dimethyl 
amino pyridine in DMF. Electron-withdrawing and electron-donating substituents of 
imines were well tolerated, and the aziridination products were obtained in good yields 
and asymmetric induction. With the help of theoretical calculations, the authors proposed 
a mechanism in which a magnesium center activates the imine substrate, the 1,3-diketone  
 
Scheme 1.22. Asymmetric aza-Darzens reaction catalyzed VAPOL magnesium 
phosphate 
 
activated by coordination with phosphoryl oxygen, while VAPOL phosphate provides the 
chiral environment for enantioselective aziridination (Scheme 1.22). 
1.6.5. Aluminium Phosphates  
Enantioselective addition of divalent isonitrile carbon to polarized double bonds 
such as carbonyls has met with limited success.51 Zhu et al. have shown that 
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(salen)Al(III)Cl can catalyze the reaction of aldehydes with α-isocynoacetamides.52 In 
continuation of their quest to find new catalytic system for such a Passerini-like 
reactions,53 they reported a chiral aluminum phosphate catalyst and its application in the 
synthesis of 5-aminooxazoles by reaction of α-isocyanoacetamides and aldehydes.53 The 
active aluminium phosphate catalyst was prepared by mixing 1:2 ratios of AlEt2Cl and 
para-Cl-Phenyl substituted phosphoric acid. The α-branched aliphatic aldehydes resulted 
in better enantioselectivity compared to the liner aliphatic aldehydes, also differently  
 
Scheme 1.23. Aluminum phosphate catalyzed addition of α-isocyanoacetamides to 
aldehydes 
 
substituted α-isocyanoacetamides participated well in the reaction affording the oxazole 
products in good yields and good enantioselectivities (Scheme 1.23).  
1.6.6. Indium Phosphates 
The enantioselective 1,4-addition of indoles to α,β-unsaturated aldehydes or 
ketones is well studied,54 however there are only few reports exist on 1,2 addition in the 
literature. Cheng et al.55 reported a chiral phosphoric acid and indium halide catalyzed 
1,4 and 1,2 regio-selective additions of indoles to α,β-unsaturated α-keto esters. In this 
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catalytic system when the counterions of indium (III) were interchange from fluoride to 
bromide or chloride, the switch in regioselectivity from 1,2 to 1,4 was observed.  
When β,γ-unsaturated α-keto esters were subjected to react with N-protected 
indole in the presence of 10 mol % of phosphoric acid (S)-61 and InF3 (10 mol %), 
exclusively 1,2 addition products were obtained. The reaction tolerated methyl and  
 
Scheme 1.24. Phosphoric acid indium salt binary system catalyzed enantioselective 1,2 
and 1,4 addition 
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benzyl substituents of indole nitrogen while aromatic β,γ-unsaturated α-keto esters with 
electron donating and electron withdrawing substituents achieved products with excellent 
yields and enantioselectivities. Substrates with N-Boc-protected indole, and γ-heteroatom 
substituted keto esters did not show any reactivity while aliphatic keto esters gave 
excellent enantioselectivity but low yield for the addition products.  
Next, the scope of 1,4 addition was examined with phosphoric acid (S)-72 /InBr3 
binary system. The reaction worked well with variety of β,γ-unsaturated α-keto esters 
having γ-aromatic or aliphatic substituents and N-protected indoles. The ESI-MS 
experiment and fluorescence titration experiment indicated formation of 1:1 phosphoric 
acid and indium (III) halide species in solution. In another experiment, In(OTf)3 was 
almost non selective indicating that a halide is an integral part of catalyst in transition 
state (Scheme 1.24).55 
1.7. Summary of Dissertation Chapters 
 The research presented in this dissertation focuses on chiral BINOL metal 
phosphate\phosphoric acid catalyzed enantioselective addition of phosphorus and sulfur 
nucleophiles to imines and epoxides. In chapter 2, a new method to synthesize chiral α-
amino phosphine oxides is reported. The reaction combines N-substituted imines and 
diphenylphosphine oxide catalyzed by chiral magnesium 9-antryl phosphate. A wide 
variety of aliphatic and aromatic aldimines substituted by electron neutral benzhydryl or 
dibenzocycloheptene groups were excellent substrates for the addition reaction. The 
dibenzocycloheptene-protected imines afforded improved enantioselectivity in the 
resulting products, also differently substituted diphenylphosphine oxide nucleophiles also 
showed good reactivity  
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In chapter 3, we reported the first catalytic asymmetric method to prepare 
enantioenriched N,S-acetals catalyzed TRIP phosphoric acids. The reaction combines N-
acyl imines with thiols to generate products in excellent yield and enantioselectivity. The 
addition reaction could also be achieved with an exceptional substrate to catalyst (S/C) 
molar ratio. Electron-rich and electron-deficient aromatic N-acyl imines, as well as broad 
range of aliphatic and aromatic thiols, showed excellent reactivity.  
In chapter 4, a highly enantioselective method for desymmetrization of meso-
epoxides using thiols is reported. This is a first example of epoxide activation achieved 
using BINOL lithium phosphate. The reaction has a broad scope in terms of epoxide 
substrates and aromatic thiol nucleophiles. The resulting β-hydroxyl sulfides are obtained 
in excellent yield and enantioselectivity.  
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Chapter 2 
Chiral Magnesium BINOL Phosphate-Catalyzed Phosphination of Imines: Access to 
Enantioenriched α-Amino Phosphine Oxides 
2.1. Catalytic Asymmetric Hydrophosphonylation of Imines 
α–Amino phosphonic acid and their derivatives are biologically important1 These 
compounds are used as anti-bacterials,2 antiviral agents,3 and they have also found 
applications as enzyme inhibitors, including HIV proteases.4 The absolute configuration 
of phosphonyl compounds strongly influences their biological properties.5 The most 
direct way for the enantioselective synthesis of chiral α-amino phosphonic acids is by 
hydrophosphonylation of imines (aza-Pudovik reaction) (Scheme 1).6  
 
Scheme 2.1. Schematic of Pudovik reaction 
 
2.1.1. Metal and Organo-Catalyzed Hydrophosphonylation of Imines 
Several methods to synthesize α-amino phosphonic acid have been reported,7 
Sasai et al.8 and coworkers reported the first catalytic enantioselective example of 
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Scheme 2.2. Asymmetric hydrophosphonylation of imines catalyzed by complex-(R)-1 
 
hydrophosphonylation of imines using a lanthanum-potassium-BINOL complex (R)-1. 
The α-amino phosphonates were obtained in modest to high enantiomeric excess 
(Scheme 2.2). Katsuki et al.9 reported hydrophosphonylation of imines with alkyl 
phosphites using a novel Al(Salalen) catalyst (5). Several protecting groups were 
evaluated for the reaction, N-3-methoxy-4methyl phenyl protected imine 6 was found to 
be the most reactive, achieving the corresponding products in excellent yield and 
enantioselectivity (scheme 2.3). Following up on their previous work, Shibasaki and 
coworkers10 also reported the first enantioselective synthesis of cyclic α-amino 
phosphonates using heterobimetallic lanthanoid complex.  
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Scheme 2.3. Asymmetric hydrophosphonylation of imines catalyzed by complex-(R,R)-5 
 
In 2004 Jacobsen11 reported the first organocatalytic hydrophosphonylation of 
imines using chiral thiourea as catalyst. For the first time, high to excellent 
enantioselectivity was achieved for various substrates including aliphatic, hetero-
aromatic, and branched aldimines. Moreover, the α-amino phosphonic acids were 
obtained by deprotection of the protecting group by simple hydrogenation (Scheme 2.4).  
Likewise, in the context of hydrophosphonylation, Akiyama12 reported highly 
enantioselective phosphite addition to imines using chiral BINOL phosphoric acids. The 
reaction afforded the products in moderate to high enantioselectivities for a wide range of 
aryl and cinnamyl derived aldimines (Scheme 2.6). In a proposed reaction mechanism, 
the catalyst, nucleophile, and imine form a nine membered transition state where BINOL 
phosphoric acid plays a dual role: 1) it acts as a Brønsted acid activating the imine 
nitrogen. 2) The phosphoryl oxygen of BINOL PA acts as a Brønsted base activating the 
nucleophile by coordination with the phosphite hydrogen (Scheme 2.5, TS-1).12-13   
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In other prominent examples, list et al.14 reported highly enantioselective 
synthesis of β-branched α-amino phosphonates by a three-component Kabachnik-Fields 
reaction catalyzed by chiral phosphoric acids. While Toru et al.15 reported 
hydrophosphonylation of ketimines catalyzed by cinchona alkaloids with excellent 
enantioselectivity.  
 
Scheme 2.4. Asymmetric hydrophosphonylation of imines catalyzed by thiourea 8 
 
2.2. Asymmetric Hydrophosphination  
Other methods to synthesize chiral phosphorus containing compounds include the use of 
trivalent phosphine and its derivatives. Over the past few years, considerable progress has 
been made in the field of enantioselective functionalization of aldehydes with a wide 
range of nucleophiles including carbon,16 oxygen,17 sulfur,18 and nitrogen19 based  
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Scheme 2.5. Asymmetric hydrophosphonylation of imines catalyzed by (R)-12 
 
reagents. In the first example of phosphine nucleophiles, Sadow and Togni20  reported 
asymmetric phosphination of electron deficient olefins.20 In 2007, the first asymmetric 
hydrophosphination of α,β-unsaturated aldehydes was reported by Melchiorre et al.21  
During the optimization process, wide range of chiral secondary amine catalysts 
were screened, secondary amine 16 with an additive para-nitrobenzoic acid was the most 
suitable catalytic system for the addition reaction obtaining the product in 72% yield and 
94% ee.  Under optimized conditions, a wide variety of enal substituents including aryl, 
hetero-aryl, alkyl, and alkenyl groups gave high yields and excellent enantioselectivities.  
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Scheme 2.6. Asymmetric hydrophosphination of α, β-unsaturated Aldehydes 
 
The 1,4-addition products were protected by sodium borohydride to prevent oxidation 
(Scheme 2.6). Interestingly, Ibrahem et al.22 also reported hydrophosphination of α,β-  
unsaturated aldehydes using a different chiral secondary amine catalysts with excellent 
enantioselectivity. 
2.3. Catalytic Asymmetric Addition of Diphenyl Phosphine Oxides to Imines 
There are numerous methods available to synthesize α-amino phosphonic acids, 
however, other α–amino phosphorus derivatives such as α-amino phosphine oxides have 
had much less attention for their biological properties due to the lack of a direct 
enantioselective synthetic route.  
The first example in one of the few catalytic asymmetric additions of diphenyl 
phosphine oxide to imines was reported by Shibasaki et.al 23 in 1999 using complex (R)-
20 (Praseodymium, potassium BINOL complex). For this reaction, diphenyl phosphine 
oxide was added to cyclic imines to afford the products in 75-93% ee and 50-98% yield. 
In an application of the products, chiral α-amino phosphine oxides were shown to 
catalyze reduction of ketones in the presence of BH3·S(CH3)2, the corresponding alcohols 
were obtained in good yields and moderate ee’s (Scheme 2.7).  
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Scheme 2.7. Addition of diphenyl phosphine oxides to cyclic imines by complex (R)-20 
 
 
Scheme 2.8. Addition of aromatic phosphine oxides to imines catalyzed by 24 
 
Similarly in 2009, a chiral guanidinium salt-catalyzed phospha-Mannich reaction 
of N-tosyl imines with di-1-naphthyl phosphine oxide was reported.24 The α-amino 
phosphine oxides were obtained in high yields and high enantioselectivities.  The authors 
proposed the chiral guanidinium salts activation of imines through hydrogen bonding 
interaction for Phospha-Mannich reaction. However, only a single example of a diphenyl 
phosphine oxide as a nucleophile was reported with moderate enantioselectivity (Scheme 
2.8).  
N S
R2R2
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O
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3-  3K+
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R NHTs
7 examples
yield = 89 to 98%
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H H
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+
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Zhao et al25 reported the only example of alkyl phosphine oxide as a nucleophile  
for enantioselective addition to α,β-unsaturated N-acylpyrroles. The less reactive alkyl 
phosphine oxides were treated with diethyl zinc to generate the corresponding zincate 
intermediate in situ. The zincate species is highly nucleophilic, and efficiently underwent 
the nucleophilic addition to α,β-unsaturated N-acylpyrroles. The preliminary studies 
indicated that (S, S)-proPhenol (L-29) was the best ligand among the different ligands 
investigated for the addition reaction. A wide range of aromatic N-acylpyrroles 
irrespective of the position or the electronic nature of the substituent, as well as aliphatic 
N-acylpyrroles obtained the corresponding phosphine oxide addition products in 
excellent enantioselectivities and yields (Scheme 2.9).25 
 
Scheme 2.9. Addition of alkyl phosphine oxides α,β-unsaturated N-acylpyrroles 
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2.4. Chiral Magnesium BINOL Phosphate-Catalyzed Phosphination of Imines 
The use of chiral phosphoric acids to activate imine substrates for nucleophilic 
addition is well studied.26 Recently, Ishihara27 reported that purification of chiral 
phosphoric acids by silica gel chromatography can result in mixtures of the free acid and 
the alkali or alkaline earth metals, as their phosphate salts. These phosphate salts were 
found to be active catalysts for new transformations.  
Herein we report28 a highly enantioselective addition of diphenylphosphine oxide 
to N-substituted imine catalyzed by chiral BINOL magnesium phosphate (Scheme 2.10). 
During the screening process we soon realized an electron-neutral, unactivated protecting 
group provided considerable enhancement in the yield and enantioselectivity, similar to  
 
Scheme 2.10.  Overview of diphenyl phosphine oxide addition to imines  
 
that observed by Wulff 29 in an aziridination reaction.  
We began by examining the catalytic asymmetric addition of diphenylphosphine 
oxide 22a to benzhydryl imine 33a as a model reaction (Table 2.1). During optimization 
we found that acetonitrile and ‘H(35a) purified on silica gel’ were found to be the best 
solvent and catalyst for this reaction respectively (entry 4). In the wake of the new results  
R
N R`
R PPh2
HN R`
O
Ph2P(O)H+
 R` Ph
Ph
ee up to 99%ee up to 96%
=
R
R
O
O P
O
O
or
Mg
R = 9-anthryl
2
catalyst
catalyst
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Table 2.1. Catalytic reaction condition optimization for the enantioselective addition of 
diphenylphosphine oxide to N-benzhydryl imine 
 
 
published by Ishihara, we screened alkali, and alkaline earth metal phosphate salts. 
Na(35a) allowed for only a 55% ee (entry 5), while Ca(35a)2 resulted in a 91% ee (entry 
6). Mg(35a)2 was found to be the best catalyst, providing 93% asymmetric induction 
(entry 7). However, lowering the catalyst loading of Mg(35a)2 to 2.5 mol % resulted in a 
decrease in ee (entry 8). It was interesting to note that ‘H(35a) washed with hydrochloric  
entrya ee (%)ccatalyst (mol %)
9 H(35a) washed with HCl (10) 80
7 Mg(35a)2 (5) 93
yield (%)b
87
Na(35a) (10) 555 56
95
Ca(35a)2 (5) 916 96
Mg(35a)2 (2.5) 80928
Ph
N
Ph PPh2
HN  catalyst+
solvent, rt,12 h
Ph
Ph
O
Ph
PhPh2P(O)H
33 22a 34
4 H(35a) Purified on silica gel (10) 9197
R
R
O
O P
O
O
(R = 9-anthryl
M
n
M = Ca, Mg, Na, H)
M(35a)n
M(35b)n   (R = SiPh3,  M = H)
M(35c)n     (R = 4-(β-Naph)-C6H4, M = H)
solvent
1 H(35b) Purified on silica gel (10) 068
2 H(35c) Purified on silica gel (10) 3861
3 H(35a) Purified on silica gel (10) 8272
toluene
toluene
toluene
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
catalyst-35a-c
a General conditions: 1.2 equiv of imine and 1.0 equiv of diphenylphosphine oxide.b Isolated yields. 
cEe determined by chiral HPLC analysis.
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Table 2.2. Catalytic asymmetric addition of diphenylphosphine oxide to N-benzhydryl 
imines 
 
 
acid’ achieved only a 80% ee for the resulting product (entry 9).  
A series of substituted imines were then investigated for the asymmetric 
hydrophosphination reaction in the presence of catalyst Mg(35a)2 under the optimized 
reaction conditions (Table 2.2). To our delight, all the imines underwent addition of 
diphenylphosphine oxide to afford α-amino phosphine oxide products in excellent yield 
and enantioselectivity. Electron-donating substituents in the para- (entry 2), ortho- (entry 
3), and meta- (entry 4) positions were all shown to be excellent substrates for the 
phospha-Mannich reaction. Likewise, the use of electron-withdrawing substituents 
1-Naph (33h)
2-Furyl (33i)
c-C6H11 (33j)
iso-propyl
R
N
R PPh2
HNMg(35a)2 (5 mol %)+
CH3CN, rt,12 h
Ph
Ph
O
Ph
PhPh2P(O)H
entrya product yield (%)b ee (%)c
1 Ph (33a) 34a 95 93
2 4-MeOC6H4 (33b) 34b 95 90d
4 3-MeC6H4 (33d) 34d 95 92
3 2-MeC6H4 (33c) 34c 96 89
6 4-BrC6H4 (33f) 34f 97 92
7 4-NO2C6H4 (33g) 34g 97 95
8 34h 95 96
9 34i 93 91
10 34j 96 91
11e 34k 92 86
33 22a 34
12e 6288n-Propyl
13e 65 52n-Butyl
14e 73 48Ph-(CH2CH2)
34l
34m
34n
5 4-FC6H4 (33e) 34e 95 90
 R
a General conditions: 1.2 equiv of imine and 1.0 equiv of the phopshine oxide  with 5 mol % 
Mg(35a)2. b Isolated yields. c Ee determined by chiral HPLC analysis. d Using the optimized 
conditions, with Ca(35a)2 as the catalyst a 96% yield and 81% ee of 34b could be obtained. e 
Imine was generated in situ.
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(entries 5-7) in the para-position also provided for high yields and excellent asymmetric 
induction. A sterically hindered 1-napthyl substituted imine was also an excellent 
substrate, allowing the preparation of 33h in 95% yield with 96% ee (entry 8). A hetero-
aromatic (2-furyl) substitution also proved to be a good substrate with a high yield and ee 
for product 33i being observed (entry 9). We also examined the aliphatic substrate scope; 
cyclohexyl and isopropyl imines gave good yields and enantioselectivities (entries 10 and 
11). However, it was found that n-propyl, n-butyl, and 3-phenyl propyl substituted imines 
afforded moderate yields and enantioselectivities when chosen as a substrate for the 
reaction (entries 12-14). 
 
Scheme 2.11. Imine protecting group study for aziridination reaction 
 
As mentioned earlier, Wulff and coworkers observed29 considerable enhancement 
in the enantioselective for the aziridination reaction when the systemic changes were 
made in the protection group of imine substrates. In one of such studies, when the benzyl 
protected aldimines gave merely 43% enantioselectivity, change the protecting group to 
NPh R +
N2
OEt
O CH2Cl2, 25 °C, 24 h
10 mol% VAPOL, or
 VANOL borane complex
N
Ph
N
Ph
N
Ph
1 2 3 4
Relative rate
% Yield
% ee
1.7 1.0 1.0 2.2
51 83 75 65
43 89 95 96
R =
N
R
Ph COOEt
N
Ph
36 37 38
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benzhydryl resulted in 89% ee, while dibenzocycloheptene protecting group found to be 
the most suitable protecting group achieving 96% asymmetric induction in the 
aziridination product (Scheme 2.11).  
Next we decided to investigate similar imine protecting group study for 
hydrophosphination reaction. The 5H-dibenzo[a, d]cyclohepten-5-amine (41) was 
prepared in two simple steps from commercially available dibezosubrenol (39) in good 
yields. A series imine substrates were then prepared from differently substituted 
benzaldehyde and 5H-dibenzo[a, d]cyclohepten-5-amine (Scheme 2.12).29-30  
Optimization of the reaction conditions revealed the best selectivity when 2 equiv 
of imine 43a were treated with 1 equiv of diphenylphosphine oxide in CH2Cl2 at room 
temperature (Table 2.3). In order to determine the utility of the new protecting group, we 
synthesized four new imines (Table 2.3, 43b-e). We opted to synthesize the imines, 
which had induced a relatively lower enantioselectivity with the benzhydryl protecting 
group in our previous study (see Table 2.2). When we subjected 43a to the optimize 
 
Scheme 2.12. Synthesis of dibenzocycloheptene protected imines 
OH Cl
SOCl2, CH2Cl2 liquid NH3
THF, rt, 6 h
NH2
rt, 24 h
yield= 74 % yield = 89%
NH2
R
O
H
+
R H
N
MgSO4, CH2Cl2
rt, 12 h
General Procedure for Imines Synthesis
5 examples
yield 69-83%
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39 40
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reaction conditions, we found a 90% yield and 99% ee for the resulting product 44a. For 
the benzhydryl protecting group, product 34a was obtained with a 96% yield and 93% 
asymmetric induction. For imine 43b, a 92% ee was obtained for product 44b, while in 
the case of the benzhydryl protected imine a 90% ee was observed in product 34b. 
Imines43c and 43d both underwent diphenylphosphine oxide addition with excellent 
yield and enantioselectivity. For the products 44c and 44d, an increased asymmetric 
induction was observed when compared to the benzhydryl protected counterpart 34c and 
34e respectively. However, for the heteroaromatic (2-furyl) imine, the product 44e was 
obtained in lower enantiomeric excess (87%) than product 34i (91%). In the case of 
Table 2.3. Catalytic asymmetric addition of diphenylphosphine oxide to imines 43 
 
entrya yield (%)b ee (%)c
1
2
5
R
Ph (43a) 90 99d
4-MeOC6H4 (43b) 92 92
7e
8e
2-Furyl (43e)
9e
73 80n-Propyl
n-Butyl
Ph-(CH2CH2) 93
74
98 87
84
86
2-MeC6H4 (43c) 92 96
4-FC6H4 (43d) 95 96
3
4
iso-Propyl 72 856e,f
product
44a
44b
44e
44c
44d
44g
44h
44i
44f
Ph2P(O)H
PPh2
HN+
 Mg(35a)2 (5 mol %)
R
N
43 22a 44
CH2Cl2, rt,12 h
R
O
a General conditions: 2.0 equiv of imine and 1.0 equiv of the phosphine oxide with 5 mol 
% Mg(1a)2. b Isolated yield. c Determined by chiral HPLC analysis. d Using the optimized 
conditions, with Ca(1a)2 as the catalyst a 95% yield and 90% ee of 6 was obtained, and 
with ‘H(1a) washed with HCl’ a 90% yield and 79% ee of 6 was found. e Imine was 
generated in situ. f (S)-H(1a) was used to  synthesize Mg(1a)2.
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aliphatic aldimines, imines derived from isobutyl aldehydes gave comparable results in 
terms of yield and enantioselectivity (34k and 44f). The products 44g, 44h showed better 
asymmetric induction than products 34l, 34m. The dibenzocycloheptene protecting group 
was critical for asymmetric induction in 44i; the product was obtained in 93% ee, while 
product 34n gave only a 48% ee. Overall 5H-dibenzo[a,d]cyclohepten-5- amine derived 
imines gave better asymmetric inductions in the resulting products than benzhydryl 
imines, while yields for both protecting groups were comparable. We hypothesized that 
the dibenzocycloheptene protected imines could have enhanced CH-π31 and π-π32 
stacking interactions with catalyst Mg(35a)2 in the transition state, which lead to a better 
asymmetric induction in the resulting products. 
We have also shown that the benzhydryl group can be removed with good yield to 
provide the α-amino phosphine oxide 34a, with preserved enantioselectivity (Scheme 
2.13). Protection of the amine with a Boc group allowed for product 45a, which was used 
to determine the absolute stereochemistry of the chiral phosphine oxide to be ‘R’ through 
X-ray crystallographic analysis (Figure 2.3)  
The reactivity of various aliphatic/aromatic phosphine oxides was evaluated for a 
hydrophosphination reaction (Table 2.4). To our satisfaction, aromatic phosphine oxides 
bearing either an electron-withdrawing (entries 1 and 2) or electron-donating substituent 
(entries 3 and 4) underwent nucleophilic addition to N-benzhydryl imine affording 
products in good yield and excellent enantioselectivity. However, aliphatic phosphine 
oxides such as benzyl, di-tert-butyl, and diethyl phosphine oxide as well as sterically 
demanding aromatic phosphine oxide (2,6-dimethyl phosphine oxide) did not undergo 
Phospha-Mannich reaction under optimized conditions. 
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Scheme 2.13. Deprotection of 34a and determination of absolute configuration 
 
For phosphination reaction, we proposed a mechanism where, the imine substrate 
is activated by a lewis acidic magnesium center, and the simultaneous activation of 
trivalent phosphine oxide species by phosphoryl oxygen of the catalyst (Scheme 2.12) 
Based on the absolute configuration of the observed product, the 3,3’ substituents of the 
BINOL phosphates block the Si face of the imine, allowing phosphine oxide to attacks on 
the Re face yielding the ‘R’ enantiomer of the product (Figure 2.1. and Figure 2.2) 
Table 2.14. Catalytic asymmetric addition of aromatic phosphine oxides (22b-e) to N-
benzhydryl imine 
 
Ph PPh2
HN
O
Ph
Ph
34a (93% ee)
Ph PPh2
NH2
O
45a (93% ee)
anisole, rt, 24 h
CF3COOH/H2SO4
80% yield
CH3CN, rt, 24 h
(Boc)2O
88% yield
Ph PPh2
NHBoc
O
46a (88% ee)
Ph
N
Ph PR2
HNMg(35a)2 (5 mol %)+
   CH3CN, rt, 24 h
Ph
Ph
O
Ph
PhR2P(O)H
entrya yield (%)b ee (%)c
1
3 4-MeOC6H4 (22d) 79 87
33a
 R
4-ClC6H4 (22b) 93 84d
2 88 84
4 4-MeC6H4 (22e) 63 89
4-FC6H4 (22c)
22b-e 47
product
47b
47c
47d
47e
a General conditions: 1.2 equiv of imine and 1.0 equiv of phosphine oxide 22b-e with 5 mol % 
Mg(35a)2.b Isolated yield. c Determined by chiral HPLC analysis. d With CH2Cl2 as a the 
solvent, a 78% yield and 80% ee of 47b were obtained, while using Ca(35a)2 as the catalyst 
resulted in a 77% yield and 79% ee of 47b.
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Scheme 2.14.  Proposed transition state of phosphination reaction 
 
 
Figure 2.1. Chem3D model of Mg(35a)2  and imine  Re face view 
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Figure 2. 2. Chem3D model of Mg(35a)2  and imine Si face view 
 
 
 
 
 
 
 
 
 
Figure 2.3. ORTEP drawing of X-ray Structure of Compound 46 
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2.5. Conclusions  
In summary, we have developed a new method where diphenylphosphine oxides 52 can 
be added to imines with excellent yields and enantioselectivities catalyzed by a chiral 
phosphate salt. This method provides a simple and direct access to chiral α-amino 
phosphine oxides. In this study, we have examined the addition of diphenylphosphine 
oxide to two different N-substituted imines. The imines synthesized from 5H- 
dibenzo[a,d]cyclohepten-5- amine provided better enantioselectivity than those derived 
from benzhydryl imines, while both imines gave comparable yields. Also, the substituted 
diphenylphosphine oxides were excellent nucleophiles obtaining chiral α-amino 
phosphine oxides in good yield and enantioselectivity.  
2.6 Experimental section. 
General Information: All reactions were carried out in flame-dried or oven-dried screw-
cap test tubes and were allowed to proceed under a dry argon atmosphere with magnetic 
stirring. Anhydrous acetonitrile was purchased from Aldrich., other solvents (toluene, 
dichloromethane, and THF) were purified by passing through a column of activated 
alumina under a dry argon atmosphere. Molecular Sieves (4Å) were flame-dried under 
high vacuum before use. Benzhydryl imines (33a-j) were synthesized according to the 
literature procedure.33 Aldehydes were purchased from commercial sources and used 
without further purification. Diphenyl, di t-butyl and diethyl phosphine oxide were 
purchased from commercial sources and used without further purification. BINOL 
H(35a),34 H(35b)35 and H(35c)36 were synthesized according to the known literature 
procedures. Thin layer chromatography was performed on Merck TLC plates (silica gel 
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60 F254). Flash column chromatography was performed with Merck silica gel (230-400 
mesh). Enantiomeric excess (ee) was determined using a Varian Prostar HPLC with a 210 
binary pump and a 335 diode array detector. Optical rotations were performed on a 
Rudolph Research Analytical Autopol IV polarimeter (λ 589) using a 700-µL cell with a 
path length of 1-dm. 1H NMR and 13C NMR were recorded on a Bruker Avance DPX-
250 (250 MHz) and Varian Inova-400 spectrometer with chemical shifts reported relative 
to tetramethylsilane (TMS). 31P NMR was recorded on a Varian Inova-400 instrument 
with H3PO4 as an external standard. The HRMS data were measured on a Agilent 1100 
LC/MS ESI/TOF mass spectrometer with electro-spray ionization. Compounds described 
in the literature were characterized by comparing their 1H NMR, 13C NMR, and melting 
point (mp) to the reported values. Elemental analysis was performed by Atlantic 
Microlabs, Norcross, GA.  
 
Preparation of catalysts:27 
H(35a) purified on silica gel: ‘H(35a) purified on silica gel’ was prepared by  
purification of H(35a) on silica gel using CH2Cl2/MeOH (10:1). The catalyst was 
obtained as a white solid. 
 
H(35a) washed with HCl: ‘H(1a) washed with HCl’ was prepared by purification of 
H(35a) on silica gel using CH2Cl2/MeOH (10:1).Upon purification, the catalyst was 
stirred in 6M HCl for 2 h and extracted with CH2Cl2. After removal of the solvent under 
reduced pressure, the catalyst was obtained as a white solid. 
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M(35a)n: Catalyst was prepared in situ each time for phospha-Mannich reaction. To 
prepare M(35a)n  (M = Na, Ca, Mg) ( 2.5 to 10 mol%), to a flame dry test tube was added 
‘H(35a) washed with HCl’ (10 mol%) and NaOMe (10 mol%), or Ca(OMe)2 ( 5 mol%) , 
or Mg(OtBu)2 ( 2.5 and 5 mol%). 1 mL each of CH2Cl2 and MeOH was added and 
reaction mixture was stirred for 1 h. After removal of solvent, 1 mL of CH2Cl2 was added 
and then removed under reduced pressure to obtain the catalyst as a white solid.  
 
Mg(35a)2 Characterization:  
1H NMR (400 MHz, DMSO): δ 7.24 (t, 4H, J = 7.6 Hz), 7.33 (t, 4H, J = 8.0 Hz), 7.43-
7.58 (m, 24H), 7.85 (d, 4H, J = 8.8 Hz) 7.96 (s, 4H), 8.07 (d, 6H, J = 8.4 Hz ), 8.11 (d, 
6H, J = 8.4 Hz) 8.63 (s, 4H). 13C NMR (100 MHz, DMSO) δ: 122.48, 122.50, 124.31, 
124.51, 124.75, 124.97, 125.29. 126.01, 126.23, 126.29, 126.36, 127.43, 128.16, 128.26, 
128.54, 129.51, 129.80, 130.44, 130.49, 131.25, 131.45, 131.47, 132.37, 132.42, 133.47, 
149.48, 149.58. 31P NMR (162 MHz, DMSO) δ 2.97. HRMS (MALDI) Calcd for 
C96H56MgO8P2 ([M(n=2)+2H]2+) m/z 1424.346 Found 1424.499. ([M(n=2)+NH4]+) m/z 
1440.364, Found 1440.178.  
General procedure for preparation of racemates: The imine (33a-j and 43a-e) (0.06 
mmol), and diphylphosphine oxide (22a) (0.05 mmol) were weighed into a dry, re-
sealable test tube with septa and stir bar. Dry dichloromethane (0.5 mL) was added to the 
mixture via syringe and the resulting mixture was stirred at room temperature overnight. 
Dichloromethane was removed by rotary evaporation to give a crude solid mixture that 
was purified by column chromatography to give the racemic product. Imines which were 
generated in situ, corresponding aldehyde (0.06 mmol), diphenylmethane or amine/5H–  
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Table 2.5. Detailed optimization for the enantioselective addition of diphenylphine oxide 
to N-benzhydryl imine. 
 
Dibenzo[a,d]cyclohepten-5-amine6 (0.05mmol), diphenylphosphine oxide (0.05 mmol), 
and 40 mg flame dried 4 Å molecular sieves were weighed into a dry, re-sealable test 
tube with septa and a stir bar. Dry dichloromethane (0.5 mL) was added to the mixture 
via syringe and the resulting mixture was stirred at room temperature overnight. 
Dichloromethane was removed by rotary evaporation to give a crude solid mixture that 
was purified by column chromatography to give the racemic product. 
General procedure for chiral BINOL magnesium phosphate catalyzed asymmetric 
hydrophosphination of imines (33a-j): In a typical experiment the imine (0.06 mmol), 
diphenylphosphine oxide (0.05 mmol) and Mg(35a)2 (5 mol%) were weighed into a dry, 
Ph
N
Ph PPh2
HN  catalyst (10 mol %)+
solvent, temp,12 h
Ph
Ph
O
Ph
PhPh2P(O)H
entrya yield, (%)b ee, (%)c
1
2
3d
4
5
6
7
a General conditions: 1.2 molar equiv of imines and 1.0 molar 
equiv. of diphenylphosphine oxide. b Isolated yield. c Determined by chiral HPLC analysis. d 
20 mol % catalyst loading. e 5 mol % catalyst loading.
temp (°C)catalyst (mol %) solvent
H(35a) purified on silica gel (10) toluene
toluene
toluene
ether
CHCl3
THF
acetone
8
9
10e
CH2Cl2
CH2Cl2
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
H(35a) purified on silica gel (10)
40
0
25
25
25
25
25
25
25
25
82 75
56 83
80 79
82 83
45 75
82 87
52 90
82 89
84 89
73 75
(CH2)2Cl2
33a 22a 34a
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resealable test tube with septa and stir bar. Dry acetonitrile (0.5 mL) was added to the 
mixture via syringe and the resulting mixture was stirred at room temperature for 12 h. 
Solvent was removed by rotary evaporation to give a crude solid mixture that was 
purified by column chromatography to give the product. 
Note: The absolute configuration of compound 34a was determined by X-ray 
crystallographic analysis, and for all the other products in Table 2.2 the absolute 
configuration is assumed by tentative analogy. 
 
HN Ph
Ph
P
O
Ph
Ph
 
 (-)-N-benzhydryl(diphenylphosphoryl)(phenyl)methanamine (34a) The reaction was 
performed in 0.05 mmol scale for 12 h using Mg (35a)2 (5 mol%). The product was 
obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 23 mg, 96% 
yield, 93% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 7.87 min, t r-minor 11.88 min. [α]20D = -29.7° (c = 0.45, CHCl3). 1H NMR (250 MHz, 
CDCl3): δ 2.81 (d, 1H, J = 10.0 Hz), 4.15 (t, 1H, J = 10.0 Hz), 4.53 (s, 1H), 6.95-7.41 (m, 
23H), 7.77 (t, 2H, J = 9.8 Hz). 13C NMR (62.5 MHz, CDCl3): δ 60.12 (d, 1J = 80.0 Hz), 
64.12 (d, 3J = 13.1 Hz), 127.13, 127.20, 127.48, 127.94, 128.13, 128.28, 128.48, 128.54, 
129.22, 129.31, 130.47, 130.72, 131.31, 131.45, 131.93, 132.07, 132.27, 135.53, 142.02, 
143.72. 31P NMR (162 MHz, CDCl3) δ 32.4. HRMS (ESI) Calcd for C32H29NOP 
([M+H]+) m/z 473.1915, Found 473.1920. 
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HN Ph
Ph
P
O
Ph
Ph
H3CO  
(-)-N-benzhydryl(diphenylphosphoryl)(4-methoxyphenyl)methanamine (34b) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 24 
mg, 95% yield, 90% ee. HPLC analysis: Chiralcel (S,S) WHELK-O1 (hexane/iPrOH = 
75/25, 1.0 mL/min), t r-major 12.24 min, t r-minor 15.84 min. [α]20D = -20.1° (c = 2.8, CHCl3). 
1H NMR (250 MHz, CDCl3): δ 2.71 (d, 1H, J = 10.0 Hz), 3.68 (s, 3H), 4.11 (t, 1H, J = 
10.0 Hz), 4.54 (s, 1H), 6.68 (d, 2H, J = 8.8 Hz), 6.94-7.52 (m, 20H), 7.73-7.81 (m, 2H). 
13C NMR (62.5 MHz, CDCl3): δ 55.21, 59.29 (d, 1J = 81.9 Hz), 63.87(d, 3J = 13.7 Hz), 
113.85, 113.87, 127.10, 127.27, 127.35, 127.52, 
127.92,  128.10, 128.19, 128.24, 128.38, 128.41, 128.46, 128.58, 130.30, 130.38, 130.63, 
130.77, 131.31, 131.45, 131.73, 131.78, 131.90, 132.04, 132.18, 132.31, 142.04, 143.74, 1
59.23, 159.26. 31P NMR (162 MHz, CDCl3) δ 32.6. HRMS (ESI) Calcd for C33H31NO2P 
([M+H]+) m/z 504.2016, Found 504.2032. 
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(-)- N-benzhydryl(diphenylphosphoryl)(o-tolyl)methanamine (34c) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 23 
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mg, 96% yield, 89% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 93/7, 1.0 
mL/min), t r-major 7.27 min, t r-minor 10.88 min. [α]20D = -69.8° (c = 1.1, CHCl3). 1H NMR 
(250 MHz, CDCl3): δ 1.38 (s , 3Η), 2.88 (d, 1H, J = 10.0 Hz), 4.45-4.53 (m, 2H), 6.81-
7.31 (m, 18H), 7.48-7.63 (m, 4H), 7.79-7.86 (m, 2H). 13C NMR (62.5 MHz, CDCl3): 
δ 18.82, 54.78  (d, 1J = 80.0 Hz), 64.17 (d, 3J 
= 13.1 Ηz), 126.53, 127.05, 127.12, 127.45, 127.67, 127.86, 128.06, 128.31, 128.40, 128.
46, 128.83, 130.03, 130.80, 131.35, 131.50, 131.94, 131.98, 132.16, 132.30, 133.51, 137.
59, 142.16, 143.64. 31P NMR (162 MHz, CDCl3) δ 32.9. HRMS (ESI) Calcd for 
C33H31NOP ([M+H]+) m/z 488.2126, Found 488.2140. 
 
 
 
 
(-)- N-benzhydryl(diphenylphosphoryl)(m-tolyl)methanamine (34d)The reaction was 
performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The product was 
obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 23 mg, 95% 
yield, 92% ee, HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 93/7, 1.0 mL/min), t r-
major 9.17 min, t r-minor 14.45 min. [α]20D = -23.6° (c = 1.35, CHCl3). 1H NMR (250 MHz, 
CDCl3): δ 2.16 (s , 3Η), 2.81 (s, broad, 1H), 4.13 (d, 1H, J = 10.0 Hz), 4.56 (s, 1H), 6.86-
7.34 (m, 19H), 7.42-7.54 (m, 3H), 7.74-7.82 (m, 2H). 13C NMR (62.5 MHz, CDCl3): 
δ 21.37,  60.05 (d, 1J = 80.0 Hz), 63.99 (d, 3J = 13.1 Hz 
),  126.26, 126.35, 127.08, 127.32, 127.60, 127.81, 127.99, 128.18, 128.26, 128.37, 128.4
1, 12 8.59, 129.00, 129.83, 129.92, 130.52, 130.68, 131.36, 131.42, 131.49, 131.74, 131.7
 
 59 
8, 131.94, 132.08, 132.22, 135.25, 137.95, 142.07, 143.75. 31P NMR (162 MHz, CDCl3) 
δ 32.5. HRMS (ESI) Calcd for C33H31NOP ([M+H]+) m/z 488.2138, Found 488.2125. 
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(-)-N-benzhydryl(diphenylphosphoryl)(4-fluorophenyl)methanamine (34e) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 23 
mg, 95% yield, 90% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 98/2, 1.0 
mL/min), t r-minor 12.77 min, t r-major 15.41 min. [α]20D = -25.2° (c = 1.35, CHCl3). 1H 
NMR (250 MHz, CDCl3): δ 2.85 (d, 1H, J = 10.0 Hz), 4.27 (t, 1H, J = 9.5 Hz), 4.62 (s, 
1H), 6.92-7.45 (m, 19H), 7.54-7.66 (m, 3H), 7.87-7.94 (m, 2H). 13C NMR (62.5 MHz, 
CDCl3): δ 59.30 (d, 1J = 80.0 Hz), 64.03 (d, 3J = 13.7 
Hz), 115.20, 115.52, 126.53, 127.03, 127.22, 127.47, 127.59, 128.01, 128.15, 128.19, 128
.29, 128.46, 128.53, 129.01, 130.25, 130.31, 130.64, 130.72, 130.76, 130.85, 131.21, 131.
35, 131.58, 131.62, 131.86, 131.92, 132.00, 141.82, 143.46. 31P NMR (121 MHz, CDCl3) 
δ 32.4. HRMS (ESI) Calcd for C32H28FNOP ([M+H]+) m/z 492.1887, Found 492.1876. 
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(-)- N-benzhydryl(4-bromophenyl)(diphenylphosphoryl)methanamine (34f) 
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The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%)  The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 27 
mg, 97% yield, 92% ee. HPLC analysis: Chiralcel (S,S) WHELK-O1 (hexane/iPrOH = 
75/25, 1.0 mL/min), t r-major 9.61 min, t r-minor 12.71 min. [α]20D = -22.7° (c = 3.2, CHCl3). 
1H NMR (250 MHz, CDCl3): δ 2.88 (d, 1H, J = 10.5 Hz), 4.26 (t, 1H, J = 10.5 Hz), 4.61 
(s, 1H), 7.08-7.48 (m, 19H), 7.54-7.66 (m, 3H), 7.87-7.94 (m, 2H). 13C NMR (62.5 MHz, 
CDCl3): δ 59.57 (d, 1J = 79.4 Hz ), 64.1 (d, 3J = 13.1 
Hz),  121.91, 121.96, 127.01,  127.26, 127.53, 128.10, 128.13, 128.28, 128.32, 128.49, 12
8.57, 130.06, 130.19, 130.78, 130.86, 131.22, 131.36, 131.53, 131.56, 131.62, 131.72, 131
.75, 131.86, 132.00, 134.69, 141.72, 143.39. 31P NMR (162 MHz, CDCl3) δ 32.1. HRMS 
(ESI) Calcd for C32H28BrNOP ([M+H]+) m/z 552.1086, Found 552.1065. 
 
HN Ph
Ph
P
O
Ph
Ph
O2N  
(-)-N-benzhydryl(diphenylphosphoryl)(4-nitrophenyl)methanamine (34g) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 25 
mg, 97% yield, 95% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 75/25, 1.0 
mL/min), t r-major 6.65 min, t r-minor 15.24 min. [α]20D = -24.5° (c = 1.15, CHCl3). 1H NMR 
(250 MHz, CDCl3): δ 2.85 (s, broad, 1H), 4.32 (s, broad, 1H,), 4.44 (s, 1H), 6.92-7.37 (m, 
17H), 7.49-7.58 (m, 3H), 7.77-7.85 (m, 2H), 7.99 (d, 2H, J = 8.5 Hz). 13C NMR (62.5 
MHz, CDCl3): δ 60.05 (d, 1J = 76.8 Hz), 64.49 (d, 3J = 13.1 
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Hz), 123.46, 126.92, 127.44, 127.74, 128.00, 128.29, 128.49, 128.57, 128.70, 129.52, 129
.88, 129.96, 131.12, 131.26, 131.82, 131.96, 132.10, 132.37, 141.38, 142.96, 143.74, 147.
53. 31P NMR (162 MHz, CDCl3) δ 31.9. HRMS (ESI) Calcd for C32H28N2O3P ([M+H]+) 
m/z 519.1832, Found 519.1833. 
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(-)-N-benzhydryl(diphenylphosphoryl)(naphthalen-1-yl)methanamine (34h) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%)  The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 25 
mg, 95% yield, 96% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 95/5, 1.0 
mL/min), t r-major 10.55 min, t r-minor 15.77 min. [α]20D = -23.9° (c = 1.1, CHCl3). 1H NMR 
(250 MHz, CDCl3): δ 3.02 (d, 1H, J = 8.5 Hz), 4.50 (s, 1H,), 5.14 (t, 1H, J =10.0 Hz), 
6.82-7.28 (m, 18H), 7.41-7.69 (m, 6H), 7.82-7.98 (m, 3H). 13C NMR (62.5 MHz, 
CDCl3): δ 53.10 (d, 1J = 81.2 Hz), 64.29 (d, 3J = 
13.7 Ηz)  122.37, 125.24, 125.64, 126.47, 127.02, 127.12, 127.29, 127.39, 127.50, 127.68
, 128.30, 128.35, 128.41, 128.50, 128.64, 130.92, 131.06, 131.24, 131.83, 131.87, 132.01,
 132.15, 132.37, 133.33, 142.17, 143.64. 31P NMR (162 MHz, CDCl3) δ 32.8. HRMS 
(ESI) Calcd for C36H31NOP([M+H]+) m/z 524.2072, Found 524.2061. 
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(+)-N-benzhydryl(diphenylphosphoryl)(furan-2-yl)methanamine (34i) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 22 
mg, 93% yield, 91% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 98/2, 0.5 
mL/min), t r-major 36.41 min, t r-minor 41.97 min. [α]20D = 9.4° (c = 1.15, CHCl3). 1H NMR 
(250 MHz, CDCl3): δ 2.69 (s, broad, 1H), 4.33 (d, 1H, J = 12 Hz), 4.64 (s, 1H), 6.17-6.22 
(m, 2H), 6.97-7.54 (m, 19H), 7.72-7.79 (m, 2H). 13C NMR (62.5 MHz, CDCl3): 
δ 54. 5 (d, 1J = 84.3 Hz), 64.70 (d, 3J = 12.5 Hz) 
, 110.16, 110.25, 110.62, 110.65, 127.08, 127.21, 127.38, 127.61, 128.02, 128.09, 128.22,
 128.41, 128.47, 128.81, 128.99, 130.23, 130.41, 131.22, 131.37, 131.69, 131.73, 131.84, 
131.92, 131.98, 141.78, 142.60, 142.64, 143.53, 149.78. 31P NMR (121 MHz, CDCl3) 
δ 31.5. HRMS (ESI) Calcd for C30H26NNaO2P ([M+Na]+) m/z 486.1593, Found 
486.1611. 
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(-)-N-benzhydryl(cyclohexyl)(diphenylphosphoryl)methanamine (34j) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%)  The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 23 
mg, 96% yield, 91% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 98/2, 1.0 
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mL/min), t r-major 12.97 min, t r-minor 21.48 min. [α]20D = -3.5° (c = 1.0, CHCl3). 1H NMR 
(250 MHz, CDCl3): δ 0.85-1.80 (m, 11H), 2.41 (bs, 1H), 3.23 (bs, 1H), 4.65 (s, 1H), 
6.96-7.48 (m, 16H), 7.59-7.81 (m, 4H). 13C NMR (62.5 MHz, CDCl3): 
δ  25.01, 25.98, 26.09, 26.35, 26.96, 27.94, 32.89 (d, J = 12.5 Hz), 39.84 (d, J = 5.6 
Hz),  58. 50 (d, 1J = 70.0 Hz),  65.33 (d, 3J = 6.2 Hz) 
, 127.02, 127.20, 127.48, 127.65, 127.83, 128.26, 128.35, 128.39, 128.51, 128.57, 128.82,
 128.95, 129.03, 130.65, 130.84, 130.98, 131.15, 131.29, 131.35, 131.62, 131.71, 132.62, 
133.86, 133.95, 135.28, 142.79, 143.35. 31P NMR (162 MHz, CDCl3) δ 31.8. HRMS 
(ESI) Calcd for C32H35NOP ([M+H]+) m/z 480.2451, Found 480.2461. 
 
General procedure for three component chiral BINOL magnesium phosphate -
catalyzed asymmetric hydrophosphination of imines (34k-n): 
In a typical experiment the corresponding aldehyde (0.06 mmol), aminodiphenyl methane 
(0.06 mmol) diphenylphosphine oxide (0.05 mmol), Mg(35a)2 (5 mol%)  and 40 mg 4Å 
flame dried molecular sieves were weighed into a dry, resealable test tube with septa and 
stir bar. Dry acetonitrile (0.5 mL) was added to the mixture via syringe and the resulting 
mixture was stirred at room temperature for 12 h. Solvent was removed by rotary 
evaporation to give a crude solid mixture that was purified by column chromatography to 
give the product. 
Me
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(-)-N-benzhydryl-1-(diphenylphosphoryl)-2-methylpropan-1-amine (34k) 
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The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as an oil, 21 
mg, 96% yield, 86% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 93/7, 1.0 
mL/min), t r-major 5.80 min, t r-minor 7.68 min. [α]20D = -19.1° (c = 0.395, CHCl3). 1H NMR 
(250 MHz, CDCl3): δ 0.89-0.95 (m, 6H), 1.80-2.10 (m, 1H), 2.42 (s, broad, 1H), 3.29 (s, 
broad, 1H), 4.60 (s, 1H), 6.97-7.49 (m, 16H), 7.64-7.83 (m, 4H), 13C NMR (62.5 MHz, 
CDCl3): δ 17.30 (d, 3J = 0.9 Hz), 22.71 (d, 2J = 13.7 Hz) , 29.9. (d, 3J = 6.3 Hz), 58.3 (d, 
1J = 70.0 Hz), 65.24 (d, 3J = 5.6 Hz) 
, 127.06, 127.25, 127.38, 127.59, 127.90, 128.20, 128.27, 128.38, 128.47, 128.65, 128.85,
 130.85, 130.99, 131.11, 131.25, 131.36, 131.40, 131.43, 131.47, 132.57, 133.90, 133.97, 
135.32, 142.76, 143.41. 31P NMR (162 MHz, CDCl3) δ 31.2. HRMS (ESI) Calcd for 
C29H30NOP ([M+H]+) m/z 440.2139, Found 440.2114. 
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(-)-N-benzhydryl-1-(diphenylphosphoryl)-N-propyl-1-methanamine (34l) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) as white 
semisolid, 19.2 mg, 88% yield, 62% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH 
= 90/10, 1.0 mL/min), t r-major 9.81 min, t r-minor 18.39 min. [α]20D = -7.1° (c = 0.435, 
CHCl3). 1H NMR (400 MHz, CDCl3): δ 0.730 (t, 3H, J = 7.2 Hz), 1.24 -1.28 (m, 1H), 
1.51-1.57 (m, 2H), 1.66-1.75 (m, 1H), 2.05 (bs, 1H), 3.38 (bs, 1H), 4.70 (s, 1H), 7.05-
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7.55 (m, 16H), 7.72 (t, 2H, J = 8.0 Hz), 7.87 (t, 2H, J = 8.0 Hz), 13C NMR (100 MHz, 
CDCl3): δ 14.37, 19.66 (d, J = 8.0 Hz), 32.09, 53.8 (d, 1J = 77.0 Hz), 64.84 (d, 3J = 7.0 
Hz) 127.31, 127.44, 127.73, 128.55, 128.64, 128.68, 128.78, 131.30, 131.38, 131.78, 
143.2, 143.48. 31P NMR (162 MHz, CDCl3) δ 32.8. HRMS (ESI) Calcd for C29H30NOP 
([M+H]+) m/z 440.2138, Found 440.2158. 
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(-)-N-benzhydryl-1-(diphenylphosphoryl)-N-butyl-1-Methanamine (34m) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%) The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) an oil, 14.8 
mg, 65% yield, 52% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 85/15, 1.0 
mL/min), t r-major 16.89 min, t r-minor 28.83 min. [α]20D = -3.4° (c = 0.765, CHCl3). 1H 
NMR (400 MHz, CDCl3): δ 0.68 (t, 3H, J = 7.2 Hz), 0.99 - 1.08 (m, 2H), 1.18 (bs, 1H), 
1.35-1.53 (m, 2H), 1.62-1.74 (m, 1H), 3.31 (q, 1H, J =6.4 Hz), 4.63 (s, 1H), 6.98 - 7.00 
(m, 2H), 7.07-7.18 (m, 6H), 7.32-7.49 (m, 8H), 7.63-7.82 (m, 4H), No N-H peak was 
observed. 13C NMR (100 MHz, CDCl3): δ 13.95, 22.80, 28.34 (d, J = 7 Hz), 29.42 (d, J = 
2.8 Hz), 53.83 (d, 1J = 78.0 Hz), 64.81 (d, 3J = 8.0 Hz), 127.26, 127.40, 127.67, 127.99 
128.10, 128.50, 128.57 128.62, 128.72, 130.20, 130.39, 131.23, 131.31, 131.65, 131.74, 
132.15 132.56, 133.05, 133.49, 143.15, 143.43. 31P NMR (162 MHz, CDCl3) δ 32.9 
HRMS (ESI) Calcd for C30H32NOP ([M+H]+) m/z 454.2294, Found 454.2310. 
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(-)-N-benzhydryl-1-(diphenylphosphoryl)-3-phenylpropane-1-amine (34n) 
The reaction was performed in 0.05 mmol scale for 12 h using Mg(35a)2 (5 mol%). The 
product was obtained by flash chromatography (hexane: ethyl acetate = 1:1) an oil, 17.5 
mg, 73% yield, 48% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 85/15, 1.0 
mL/min), t r-major 44.08 mins, t r-minor 52.51 mins. [α]20D = -2.2° (c = 0.65, CHCl3). 1H 
NMR (400 MHz, CDCl3): δ 1.79-1.90 (m, 1H), 1.98-2.09 (m, 1H), 2.34 (bs, 1H), 2.51-
2.59 (m, 1H), 2.79-2.86, (m, 1H) 3.44 (bs, 1H), 4.69 (s, 1H), 6.87 (d, 2H, J = 6.8 Hz), 
7.04-7.06 (m, 2H), 7.13-7.25 (m, 11H), 7.35-7.39 (m, 2H), 7.46-7.50 (m, 3H), 7.54 - 7.58 
(m, 1H), 7.65 (t, 2H, J = 7.6 Hz), 7.83 (t, 2H, J = 8.4). 13C NMR (100 MHz, CDCl3): δ 
31.94 (d, J = 4.0 Hz), 32.47, (d, J = 7.0 Hz), 53.4 (d, 1J = 76.0 Hz), 64.87 (d, 3J = 7.0 
Hz), 126.04, 127.37, 127.54, 127.68, 127.85 128.56, 128.59, 128.65, 128.71, 128.85, 
131.26, 131.35, 131.65, 131.74, 131.87, 141.99, 143.16, 143.47. 31P NMR (162 MHz, 
CDCl3) δ 32.7. HRMS (ESI) Calcd for C34H32NOP ([M+H]+) m/z 502.2294, Found 
502.2272, and calcd for ([M+Na]+) m/z 524.2114, Found 524.2095. 
 
General procedure for preparation of Imines (43a-e):   
To a 100 ml round bottom flask was added corresponding aldehydes (1.1 equiv.), 5H–
Dibenzo[a,d]cyclohepten-5-amine (1.0 equiv.), magnesium sulfate (5 equiv.), and 
methylene chloride (0.5 M) at room temperature. After few hours of stirring, resulting 
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mixture was filtered off and evaporated to dryness to obtain the product as a white solid. 
The imines were purified by recrystallization using hexane/ethyl acetate.  
 
N
          
Preparation of 43a: 43a was synthesized according to the know literature procedure.29 
Product was recrystallized using hexane: ethyl acetate (10:1) to give white solid product 
in 69% yield. M.P. 134-137 ˚C 1H NMR (400 MHz, CDCl3): δ 4.98 (bs, 1H), 7.12 (s, 
2H), 7.24-7.26 (m, 2H), 7.36-7.38 (m, 4H), 7.49 (bs, 3H), 7.79 (bs, 2H), 7.97 (bs, 2H), 
8.35 (bs, 1H). 13C NMR (100 MHz, CDCl3): δ 72.52, 124.87, 126.19, 128.06, 128.72, 
128.83, 131.09, 131.44, 133.51, 136.59, 141.62, 161.68. HRMS (ESI) Calcd for C22H17N 
([M+H]+) m/z 296.1434, Found 296.1450. 
 
N
H3CO  
Preparation of 43b: Product was recrystallized using hexane: CH2Cl2 (4:3) to give white 
solid product in 83% yield. M.P. 193-195 ˚C. 1H NMR (400 MHz, CDCl3): δ 3.85 (s, 
3H), 4.92 (bs, 1H), 6.97-6.99 (m, 2H) 7.13-7.23 (m, 4H), 7.35-7.33 (m, 4H) 7.76 (bs, 
2H), 7.88 (bs, 2H), 8.25, (bs, 1H).13C NMR (100 MHz, CDCl3): δ 55.60, 114.24, 125.04, 
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126.12, 128.02, 128.68, 129.67, 130.28, 131.45, 133.53, 141.84, 160.86, 162.05. HRMS 
(ESI) Calcd for C23H19NO ([M+H]+) m/z 326.1539, Found 326.1551. 
NMe
 
Preparation of 43c: Product was recyrstallized using hexane: ethyl acetate (8:1) to give 
white solid product in 79% yield. M.P. 135-136 ˚C. 1H NMR (400 MHz, CDCl3): δ 
2.67(s, 3H), 5.12 (bs, 1H), 7.29-7.38 (m, 5H), 7.48-7.53 (m, 6H), 7.95 (bs, 2H), 8.36 (bs, 
1H), 8.76 (bs, 1H). 13C NMR (100 MHz, CDCl3): δ 19.89, 73.34, 124.87, 126.14 126.33, 
128.01, 128.71, 130.59, 131.17, 131.44, 133.46, 134.38, 138.25 141.70, 160.73. HRMS 
(ESI) Calcd for C23H19N ([M+H]+) m/z 310.1590, Found 310.1577. 
 
N
F  
Preparation of 43d: Product was recyrstallized using hexanes: ethyl acetate (5:1) to give 
white solid product in 83% yield. M.P. 150-152 ˚C. 1H NMR (400 MHz, CDCl3): δ 4.99 
(bs, 1H), 7.18 (bs, 4H), 7.25-7.29 (m, 2H), 7.39-7.42 (m, 4H) 7.79 (bs, 2H), 7.95 (bs, 
2H), 8.30 (bs, 1H). 13C NMR (100 MHz, CDCl3): δ 72.38, 115.84, 116.06, 124.90, 
126.28, 128.16, 128.75, 130.58, 130.66, 131.44, 132.91, 133.57, 141.50, 160.27, 163.46, 
166.96. Anal calcd. for C22H16FN: C, 84.32; H, 5.15; N, 4.47. Found: C, 83.72; H, 5.08; 
N, 4.51.  
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Preparation of 43e: Product was recyrstallized using hexanes: ethyl acetate (10:1) to give 
yellowish white solid product in 77% yield. M.P. 124-126 ˚C. 1H NMR (400 MHz, 
CDCl3): δ 4.96 (s, 1H), 6.48 (s, 1H), 6.81 (bs, 1H), 7.09 (bs, 2H), 7.23 - 7.25 (m, 1H), 
7.33 -7.38 (m, 5H), 7.57 (bs, 1H), 7.70 (bs, 2H), 8.05 (bs, 1H). 13C NMR (100 MHz, 
CDCl3): δ 72.83, 111.97, 114.87, 126.48, 128.35, 128.84, 131.43, 133.64, 141.21, 145.22, 
150.38, 152.09. HRMS (ESI) Calcd for C20H15NO ([M+H]+) m/z 286.1226, Found 
286.1235. 
 
General procedure for chiral BINOL magnesium phosphate -catalyzed asymmetric 
hydrophosphination of imines (44a-e): In a typical experiment the imine (0.1 mmol), 
diphenylphosphine oxide (0.05 mmol) and Mg(35a)2 (5 mol%) were weighed into a dry, 
resealable test tube with septa and stir bar. Dry CH2Cl2 (0.5 mL) was added to the 
mixture via syringe and the resulting mixture was stirred at room temperature for 12h. 
Solvent was removed by rotary evaporation to give a crude solid mixture that was 
purified by column chromatography to give the product. Note1: The 1H and 13C NMR of 
products 44, a minor isomer peaks were observed. The peaks for the minor isomer are 
not reported. The resulting minor peaks were due to the minor dibezocycloheptene system 
conformer. For more information please see ref. 30.   
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To determine absolute configuration, 44a was deprotected using the procedure in scheme 
1, yielding compound 45a. The HPLC trace of compound 45a generated from compound 
44a and compound 34a gave 1st peak as a major peak. This establishes the compound 44a 
and 34a have same absolute configuration. For the other products in Table 2.3, the 
absolute configuration is assumed by tentative analogy. 
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Preparation of 44a : The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(1a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 4:1) as white semisolid, 22.3 mg, 90% yield, 99% ee. HPLC analysis: Chiralcel 
OD-H (hexane/iPrOH = 98/2, 1.0 mL/min), t r-major 32.96 min, t r-minor 45.60 min. [α]20D = 
11.2° (c = 0.395, CHCl3). 1H NMR (400 MHz, CDCl3): δ 2.53 (bs, 1H) 4.00 (s, 1H), 4.69 
(s, 1H), 6.53-6.56 (m, 1H), 6.66-6.69 (m, 1H), 6.93 (d, 1H, J = 7.6 Hz), 7.12-7.39 (m, 
18H), 7.50-7.66 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 60.86 (d, 1J = 78.0 Hz), 66.60 
(d, 3J = 15.0 Hz), 121.99, 123.03, 125.68, 125.87, 127.48, 127.56, 127.67, 127.79, 127.91 
128.08, 128.16, 128.28, 128.36, 128.55, 128.68, 128.83, 129.12, 129.17, 129.42, 129.52, 
129.56, 130.02, 130.13, 130.34, 130.62, 130.70, 130.84, 131.66, 131.74, 131.92, 132.18, 
132.41, 132.50, 134.26 134.47, 134.97, 137.95, 139.10. 31P NMR (162 MHz, CDCl3) 
δ 32.4. HRMS (ESI) Calcd for C34H28NOP ([M+H]+) m/z 498.1981 Found 498.1967, and 
calcd for ([M+Na]+) m/z 520.1801, Found 520.1780. 
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Preparation of 44b: The reaction was performed in 0.05 mmol scale for 12 h using 
Mg(35a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 4:1) as white semisolid, 23.7 mg, 92% yield, 93% ee. HPLC analysis: Chiralcel 
OD-H (hexane/iPrOH = 98/2, 1.0 mL/min), t r-major 55.61 min, t r-minor 40.87 min. [α]20D = 
11.5° (c = 0.94, CHCl3). 1H NMR (400 MHz, CDCl3): δ 2.47 (bs, 1H), 3.78 (s, 3H), 3.93 
(d, 1H, J = 9.6 Hz). 4.67 (s, 1H), 6.50-6.66 (m, 2H), 6.76 (d, 2H, J = 8.4 Hz), 6.92-7.40 
(m, 16H), 7.48-7.64 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 55.40, 60.10 (d, 1J = 80.0 
Hz) 66.33 (d, 3J = 14.0 Hz), 113.85, 121.98, 123.04, 125.62, 125.78, 126.64, 127.41, 
127.49, 128.02, 128.16, 128.26, 128.35, 128.80, 129.41, 129.99, 130.07, 130.29, 130.63, 
131.62, 131.71, 131.85, 132.39, 132.48, 134.21, 134.38, 138.00, 139.15, 159.37. 31P 
NMR (162 MHz, CDCl3) δ 32.2. HRMS (ESI) Calcd for C35H30NO2P ([M+H]+) m/z 
528.2087, Found 528.2100, and calcd for ([M+Na]+) m/z 550.1906, Found 550.1921. 
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Preparation of 44c : The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(35a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 4:1) as white semisolid, 24.2 mg, 92% yield, 96% ee. HPLC analysis: Chiralcel 
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AD-H (hexane/iPrOH = 85/15, 1.0 mL/min), t r-major 18.36 min, t r-minor 36.73 min. [α]20D 
= -19.7° (c = 0.255, CHCl3). 1H NMR (400 MHz, CDCl3): δ 1.50 (s, 3H), 2.46 (br, 1H), 
4.25 (d, 1H, J = 6.4 Hz), 4.66 (s, 1H), 6.63 (q, 2H, J = 12 Hz), 6.82 (d, 1H, J = 7.2 Hz), 
6.94 (d, 1H, J = 7.2 Hz), 7.11-7.67 (m, 20H).13C NMR (100 MHz, CDCl3): δ 19.23, 
55.33 (d, 1J = 80.0 Hz) , 66.54 (d, 3J = 14.0 Hz), 121.86, 123.05, 125.65, 125.75, 126.26, 
127.40, 127.49, 127.59, 127.91, 128.02, 128.21, 128.33, 128.55, 128.75, 129.32, 129.86, 
130.10, 130.27, 130.46, 130.77, 131.69, 131.74, 131.83, 131.91, 132.67, 132.76, 134.27, 
134.66, 138.02, 139.13. 31P NMR (162 MHz, CDCl3) δ 32.7. HRMS (ESI) Calcd for 
C35H30NOP ([M+H]+) m/z 512.2138, ound 512.2134, and calcd for ([M+Na]+) m/z 
534.1957, Found 534.1954. 
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Preparation of 44d: The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(35a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 8:1) as white semisolid, 24.5 mg, 95% yield, 96% ee. HPLC analysis: Chiralcel 
OD-H (hexane/iPrOH = 99/1, 1.0 mL/min), t r-major 86.61 mins, t r-minor 58.55 mins. [α]20D 
= 10.1  (c = 0.705, CHCl3). 1H NMR (400 MHz, CDCl3): δ 2.48 (bs, 1H), 3.97 (d, 1H, J = 
9.6 Hz), 4.63 (s, 1H), 6.51-6.66 (m, 2H), 6.88–6.91 (m, 3H), 7.07-7.64 (m, 19 H),13C 
NMR (100 MHz, CDCl3): δ 60.16 (d, 1J = 78.0 Hz), 66.50 (d, 3J = 14.0 Hz), 115.18 
115.39, 121.87, 122.88, 125.73, 125.87, 127.49, 127.60, 128.11, 128.27, 128.32, 128.38, 
128.43, 128.87, 129.32, 129.94, 130.09, 130.33, 130.44, 130.63, 130.90, 130.98, 131.02, 
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131.54, 131.62, 131.79, 132.33, 132.42, 134.06 134.26, 137.73, 138.91, 161.33, 163.77. 
31P NMR (162 MHz, CDCl3) δ 32.2. HRMS (ESI) Calcd for C34H27FNOP ([M+H]+) m/z 
516.1887, Found 516.1867, and Calcd for ([M+Na]+) 538.1706, Found 538.1692. 
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Preparation of 44e: The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(35a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 8:1) as white semisolid, 23.9 mg, 98% yield, 87% ee. HPLC analysis: Chiralcel 
OD-H (hexane/iPrOH = 98/3, 1.0 mL/min), t r-major 37.24 mins, t r-minor 48.25 mins. [α]20D 
= 28.5  (c = 0.37, CHCl3). 1H NMR (400 MHz, CDCl3): δ 2.30 (bs, 1H), 4.15 - 4.12 (m, 
1H), 4.75 (s, 1H), 6.08-6.28 (m, 2H), 6.54-6.72 (m, 2H), 6.98-7.70 (m, 19H). 13C NMR 
(100 MHz, CDCl3): δ 55.01 (d, 1J = 83.0 Hz), 67.63, (d, 3J = 13.0 Hz), 110.15, 110.20, 
110.85, 121.85, 122.76, 125.70, 125.87, 127.57, 128.18, 128.29, , 128.32, 128.67, 129.55, 
129.98, 130.11, 130.31, 130.66, 130.94, 131.15, 131.59, 131.68, 131.79, 131.90, 132.24, 
132.33, 134.45, 134.59, 137.63, 138.74, 142.60, 149.69. 31P NMR (162 MHz, CDCl3) 
δ 30.7. HRMS (ESI) Calcd for C32H26NO2P ([M+H]+) m/z 488.1774, Found 488.1760, 
and calcd for ([M+Na]+) 510.1593, Found 510.1573. 
 
General procedure for three component chiral BINOL magnesium phosphate 
catalyzed asymmetric hydrophosphination of imines (44f-i): 
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In a typical experiment the corresponding aldehyde (0.1 mmol), 5H–
Dibenzo[a,d]cyclohepten-5-amine (0.1 mmol) diphenylphosphine oxide (0.05 mmol), 
Mg(35a)2 (5 mol%) and 40 mg 4Å flame dried molecular sieves were weighed into a dry, 
resealable test tube with septa and stir bar. Dry CH2Cl2 (0.5 mL) was added to the 
mixture via syringe and the resulting mixture was stirred at room temperature for 12h. 
Solvent was removed by rotary evaporation to give a crude solid mixture that was 
purified by column chromatography to give the product.  
Note: The 1H and 13C NMR of products 44, a minor isomer peaks were observed. The 
peaks for the minor isomer are not reported. The resulting minor peaks were due to the 
minor dibezocycloheptene system conformer. For more information please see ref. 30. 
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Preparation of 44f: The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(1a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 8:1) an oil, 16.6 mg, 72% yield, 85% ee. HPLC analysis: Chiralcel AD-H 
(hexane/iPrOH = 93/7, 1.0 mL/min), t r-major 22.55 mins, t r-minor 44.71 mins. [α]20D = 50.1  
(c = 0.655, CHCl3). 1H NMR (400 MHz, CDCl3): δ 0.50 (d, 3H, J =6.8 Hz), 0.61 (d, 3H, 
J = 6.8), 1.08-1.23 (m, 1H), 1.98 (bs, 1H), 3.16 (s, 1H), ), 4.25 (s, 1H), 7.57-6.62 (m, 
16H), 7.74 (t , 2H, J = 8.8 Hz) 7.92 (t, 2H, J = 8.8 Hz). 13C NMR (100 MHz, CDCl3): δ 
17.80, 22.02 (d, J = 13.0 Hz), 29.22 (d, J = 4.0 Hz), 60.36 (d, 1J = 81.0 Hz), 68.70, (d, 3J 
= 4.0 Hz), 121.99, 122.66, 125.55, 125.60, 127.27, 127.49, 128.16, 128.44, 128.54, 
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128.69, 128.80, 129.56, 129.92, 130.12, 130.40, 130.44, 131.04, 131.50, 131.59, 131.66, 
132.46, 132.54, 133.99, 134.66, 138.86, 139.30. 31P NMR (162 MHz, CDCl3) δ 29.7. 
HRMS (ESI) Calcd for C31H30NO2P ([M+H]+) m/z 464.2138, Found 464.2141, and 
Calcd for ([M+Na]+) 486.1957, Found 486.1962. 
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Preparation of 44g: The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(35)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 8:1) an oil, 16.9 mg, 73% yield, 80% ee. HPLC analysis: Chiralcel AD-H 
(hexane/iPrOH = 85/15, 1.0 mL/min), t r-major 22.53 mins, t r-minor 13.21 mins. [α]20D = -
50.15  (c = 0.695, CHCl3). 1H NMR (400 MHz, CDCl3): δ 0.52 (t, 3H, J = 7.2 Hz) 0.74-
1.57 (m, 4H), 1.88 (bs, 1H), 3.11-3.15 (m, 1H), 4.27 (s, 1H), 6.67-6.87 (m, 3H), 7.09-
7.58 (m, 12H), 7.76 (t, 3H, J = 8.8 Hz) 7.91 (t, 2H, J = 7.2 Hz). 13C NMR (100 MHz, 
CDCl3): δ 13.88, 19.39(d, J = 10.0 Hz), 32.34, 55.3 (d, 1J = 87.0 Hz), 68.02 (d, 3J = 5.0 
Hz), 122.36, 125.63 125.79, 127.25, 127.53, 128.36, 128.41, 128.46, 128.69, 128.81, 
129.65, 130.09, 130.39, 130.47, 130.87, 131.77, 131.94, 132.02, 132.52, 132.59, 133.67, 
134.13, 138.89, 139.14. 31P NMR δ 31.3 (162 MHz, CDCl3). HRMS (ESI) Calcd for 
C31H30NOP ([M+H]+) m/z 464.2138, Found 464.2157. 
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Preparation of 44h: The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(35a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
acetate = 8:1) an oil, 19.1 mg, 80% yield, 73% ee. HPLC analysis: Chiralcel AD-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major  26.48 mins, t r-minor  20.87 mins. [α]20D = -
63.2  (c = 0.745, CHCl3). 1H NMR (400 MHz, CDCl3): δ 0.60 (t, 3H, J = 7.2 Hz) 0.66-
1.88 (m, 5H), 1.52-1.62 (m, 1H), 1.85 (br, 1H) 3.04-3.08 (m, 1H), 4.21 (s, 1H), 6.61 (d, 
1H, J = 6.4 Hz), 6.74 - 6.81 (m, 2H) 7.04-7.51 (m, 13H), 7.71 (t, 2H, J = 9.2 Hz), 7.84 (t, 
2H, J = 8.8 Hz). 13C NMR (100 MHz, CDCl3): δ 14.11 (d, J = 7.0 Hz), 22.43, 28.29 (d, J 
= 9.0 Hz), 29.86, 55.46 (d, 1J = 87.0 Hz), 68.04 (d, 3J = 5.0 Hz), 122.33, 125.60, 125.75, 
127.22, 127.48, 127.68, 128.33, 128.37, 128.44, 128.66, 128.77, 129.62, 130.04, 130.37, 
130.45, 130.87, 131.15, 131.23, 131.32, 131.74, 131.89, 131.98, 132.46, 132.54, 132.93 
133.63 133.84, 134.11, 138.84, 139.11. 31P NMR (162 MHz, CDCl3) δ 31.2. HRMS 
(ESI) Calcd for C32H32NOP ([M+H]+) m/z 478.2294 Found 478.2278, and Calcd 
([M+Na]+) 500.2114, Found 500.2093. 
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Preparation of 44i: The reaction was performed on 0.05 mmol scale for 12 h using 
Mg(35a)2 (5 mol%). The product was obtained by flash chromatography (CH2Cl2: ethyl 
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acetate = 8:1) white semisolid, 22.6 mg, 86% yield, 93% ee. HPLC analysis: Chiralcel 
OD-H (hexane/iPrOH = 98/2, 1.0 mL/min), t r-major  43.08 mins, t r-minor  66.55  mins. 
[α]20D = -59.4  (c = 0.47, CHCl3). 1H NMR (400 MHz, CDCl3): δ 1.41-1.51 (m, 1H), 
1.79-1.91 (m, 1H), 2.04-2.11 (m, 1H), 2.31-2.38 (m, 1H), 3.11-3.16 (m, 1H), 4.33 (s, 
1H), 6.62 (d, 1H, J = 6.8 Hz) 6.72-6.80 (m, 4H), 7.08-7.44 (m, 15H), 7.56-7.79 (m, 5H). 
No N-H Peak was observed. 13C NMR (100 MHz, CDCl3): δ 32.48, 32.52, 54.80 (d, 1J = 
85.0 Hz), 67.91 (d, 3J = 6.0 Hz), 122.30, 122.40, 126.00, 127.33, 127.63, 128.50, 128.55, 
128.62, 128.68, 128.79, 129.68, 130.08, 130.15, 130.35, 130.46, 131.03, 131.83, 132.35, 
132.43, 133.82, 134.29, 138.79, 139.24, 141.87. 31P NMR (162 MHz, CDCl3) δ 31.5. 
HRMS (ESI) Calcd for C36H32NOP ([M+H]+) m/z 526.2294, Found 526.2285. 
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(-)-(diphenylphosphoryl)(phenyl)methanamine (45a). 
To a 25 mL flame-dried round bottom flask filled with argon was added (-)-N-
benzhydryl(diphenylphosphoryl)(phenyl)methanamine 90 mg (0.19 mmol, 93% ee) and 
0.5 mL of anisole at room temperature. The flask was cooled to 0 °C and 400 uL of a 
solution of 8% (v/v)H2SO4 in TFA was added. The ice-bath was removed and the 
reaction mixture was stirred for 12 h. The reaction mixture was quenched by addition of 
saturated aq Na2CO3. 3 mL of ether was added and the organic layer was separated and 
the aqueous layer was extracted with ether. The combined organic layer was washed with 
brine and dried over Na2SO4. The ether was removed by rotary evaporation and the 
residue was purified by flash chromatography (CH2Cl2: MeOH = 10:1) as a white solid, 
 78 
47 mg, 80% yield, 93% ee. HPLC analysis: Chiralcel AS-H (hexane/iPrOH = 80/20, 1.0 
mL/min), t r-major 11.95 min, t r-minor 15.49 min. [α]20D = -23.9° (c = 0.09, CHCl3). 1H 
NMR (250 MHz, CDCl3): δ 2.27 (s, 2H), 4.64 (d, 1H, J = 6.5 Hz), 7.10-7.48 (m, 13H), 
7.79-7.86 (m, 2H). 13C NMR (62.5 MHz, CDCl3): 
δ 56.83, (1J = 84.1 Ηz), 125.31, 127.74, 127.77, 128.09, 128.17, 128.24, 128.54, 128.72, 1
29.04, 129.63, 129.80, 131.13, 131.32, 131.58, 131.72, 131.79, 131.91, 132.05, 132.12, 1
37.30. 31P NMR (162 MHz, CDCl3) δ 33.3. HRMS (ESI) Calcd for C19H19NOP ([M+H]+) 
m/z 308.1199, Found 308.1200. 
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Synthesis of 46a. 
To a 25 mL flame-dried round bottom flask filled with argon was added (-
)(diphenylphosphoryl)(phenyl)methanamine 17 mg (0.05 mmol, 93% ee), di-tert-butyl 
dicarbonate 24 mg ( 0.11 mmol) and 5 mL CH3CN. The reaction mixture was stirred at 
room temperature for 24h. The product was obtained by using column chromatography 
(CH2Cl2: MeOH, 20:1), 20 mg, Yield = 88%, ee = 88%.  HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 95/5, 1.0 mL/min), t r-major 4.36 min, t r-minor 5.84 min. [α]20D = -77.3° (c 
= 0.37, CHCl3). 1H NMR (400 MHz, CDCl3): δ 1.21 (s, 9H), 5.55 (t, 1H, J = 7.6 Hz), 
5.96 (d, 1H, J = 6.4 Hz), 7.21-7.10(m, 7H), 7.36-7.29 (m, 3H), 7.50 - 7.42 (m, 3H), 7.89 
(t, 2H, J = 8.4 Hz). 13C NMR (100 MHz, CDCl3): δ 28.33, 53.98 (1J = 75.0 Hz), 80.44, 
128.03, 128.34, 128.45, 128.79, 128.89, 130.16, 130.22, 131.39, 131.48, 131.67, 131.75, 
132.09, 132.35, 135.15, 155.13. 31P NMR (162 MHz, CDCl3) δ 34.0. HRMS (ESI) Calcd. 
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for C24H26NO3P ([M+H]+) m/z 408.1723, Found 408.1721, and calcd. for ([M+Na]+) m/z 
430.1542, Found 430.1533 
 
General procedure for preparation of racemates: The imine (0.06 mmol), phosphine 
oxide (22b-e) (0.05 mmol), and phenylphosphinic acid (10 mol%), were weighed into a 
dry, re-sealable test tube with septa and stir bar. Dry CH3CN (0.5 mL) was added to the 
mixture via syringe and the resulting mixture was stirred at room temperature overnight. 
Dichloromethane was removed by rotary evaporation to give a crude solid mixture that 
was purified by column chromatography to give the racemic product. 
 
General procedure for chiral Magnesium phosphate salt catalyzed asymmetric 
hydrophosphination of benzhydrylimines using substituted diphenyl phosphine 
oxides (47b-e): 
In a typical experiment the benzhydrylimine (0.06 mmol), phosphine oxide (22b-e)37 
(0.05 mmol) and Mg(35a)2 (5 mol%) were weighed into a dry, resealable test tube with 
septa and stir bar. Dry CH3CN (0.5 mL) was added to the mixture via syringe and the 
resulting mixture was stirred at room temperature for 24 h. Solvent was removed by 
rotary evaporation to give a crude solid mixture that was purified by column 
chromatography to give the product 
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Preparation of 47b: The reaction was performed on 0.05 mmol scale of 22b. The 
product was obtained by flash chromatography (Hexanes: ethyl acetate = 2:1) white 
semisolid, 25.2 mg, 93% yield, 84% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH 
= 85/15, 1.0 mL/min), t r-major  22.88 mins, t r-minor  41.44  mins. [α]20D = -49.4  (c =1.06 , 
CHCl3).1H NMR (400 MHz, CDCl3): δ 2.80 (d, 1H, J = 10.8 Hz), 4.09 (t, 1H, J = 11.2 
Hz), 4.54 (s, 1H), 6.98 (t, 2H, J = 3.6 Hz), 7.09 – 7.18 (m, 17H) 7.45 (dd, 2H, 1J = 8.8 
Hz, 2J = 2.4 Hz) 7.65-7.70 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 60.22 (1J = 82.0 Hz), 
64.25 (3J = 14.0 Hz), 127.18, 127.48, 127.78, 128.43, 128.60, 128.71, 128.74, 128.82, 
128.92, 129.04, 129.31, 129.36, 130.15, 130.36, 132.81, 132.90, 133.42, 133.52, 135.06, 
138. 47, 138.50, 138.83, 138.87, 141.92, 143.55. 31P NMR (162 MHz, CDCl3) 
δ 30.7. HRMS (ESI) Calcd. for C32H26Cl2NOP ([M+H]+) m/z 542.12018, Found 
542.11778, and calcd. for ([M+Na]+) m/z 564.10213, Found 564.10155. 
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Preparation of 47c: The reaction was performed on 0.05 mmol scale of 22c. The product 
was obtained by flash chromatography (Hexanes: ethyl acetate = 2:1) white semi solid, 
22.7 mg, 88% yield, 84% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 85/15, 
1.0 mL/min), t r-major  17.71 mins, t r-minor  25.47 mins. [α]20D = -30.0° (c = 0.86, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 2.89 (d, 1H, J = 10.8 Hz), 4.17 (t, 1H, J = 10.8 Hz), 
4.62(s, 1H), 6.88 (t, 2H, J = 8.4 Hz), 7.07 (bs, 2H), 7.16-7.35 (m, 17H), 8.80-7.86 (m, 
2H). 13C NMR (100 MHz, CDCl3): δ 60.19 (1J = 82.0 Hz), 64.0 (3J = 14.0 Hz), 115.21, 
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115.34, 115.42, 115.55, 115.66, 115. 75, 115.87, 126.94, 127.19, 127.47, 128.03, 128.05, 
128.17, 128.42, 128.45, 128.47, 128.49, 129.04, 129.09, 133.64, 133.74, 133.83, 134.22, 
134.32, 134.41, 135.00, 141.75, 143.36, 163.39, 163.43, 163.85, 163.88, 165.91, 165.95, 
166.37, 166.40. 31P NMR (162 MHz, CDCl3) δ 30.6. HRMS (ESI) Calcd. for 
C32H26F2NOP ([M+H]+) m/z 510.17928, Found 510.17933, and calcd. for ([M+Na]+) m/z 
532.16123, Found 532.16073. 
 
Ph
HN Ph
Ph
P
O
O
O
 
Preparation of 47d: The reaction was performed on 0.05 mmol scale of 22d. The product 
was obtained by flash chromatography (Hexanes: ethyl acetate = 1:1) white semisolid, 
21.5 mg, 79% yield, 87% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 93/7, 0.8 
mL/min), t r-major  30.75 mins, t r-minor  26.37 mins. [α]20D = -47.5° (c = 0.63, CHCl3). 1H 
NMR (400 MHz, CDCl3): δ 2.82 (bs, 1H), 3.71 (s, 3H), 3.89 (s, 3H), 4.16 (d, 1H, J = 9.2 
Hz), 4.59 (s, 1H), 6.69 (dd, 2H, 1J = 9.2 Hz, 2J = 6.8 Hz), 7.13-7.27 ( m, 19H), 7.73 (d, 
1H, J = 8.8 Hz), 7.75 (d, 1H, J = 8.8Hz).13C NMR (100 MHz, CDCl3): δ 55.15, 55.36, 
60.44 (1J = 81.0 Hz), 63.93 (3J = 13.0 Hz), 113.40, 113.53, 113.72, 113.85, 121.97, 
122.03, 122.18, 122.22, 123.01,123.07,123.21, 123.26, 127.02, 127.07, 127.27, 127.65, 
128.24, 128.32, 128.38, 129.16, 129.21, 133.19, 133.29, 133.76, 133.86, 135.67, 135.70, 
142.05, 143.69, 161.92, 161.95, 162.34, 162.37. 31P NMR (162 MHz, CDCl3) δ 31.8. 
HRMS (ESI) Calcd. for C34H32NO3P ([M+H]+) m/z 534.21926, Found 534.21798, and 
calcd. for ([M+Na]+) m/z 556.20120, Found 556.19939. 
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Ph
HN Ph
Ph
P
O
H3C
CH3
 
Preparation of 47e: The reaction was performed on 0.05 mmol scale of 22e. The product 
was obtained by flash chromatography (Hexanes: ethyl acetate = 1:1) white semisolid, 
15.7 mg, 63% yield, 89% ee. HPLC analysis: Chiralcel (S, S) WHELK-O1 
(hexane/iPrOH = 85/15, 1.0 mL/min), t r-major  16.03 mins, t r-minor  22.31  mins. [α]20D = -
41.7° (c = 0.715, CHCl3).1H NMR (400 MHz, CDCl3): δ 2.24 (s, 3H), 2.47 (s, 3H), 2.85 
(d, 1H, J = 10.8 Hz), 4.21 (t, 1H, J = 10.4 Hz), 4.62 (s, 1H), 6.99 (d, 2H, J = 6.8 Hz), 7.06 
(bs, 2H), 7.19-7.38 (m, 17H), 7.74 (t, 2H, J = 8.4Hz). 13C NMR (100 MHz, CDCl3): δ 
21.44, 21.66, 60.15 (1J = 80.0 Hz), 63.93 (3J = 13.0 Hz), 126.87, 126.90, 127.02, 127.08, 
127.26, 127.65, 127.67, 128.24, 128.32, 128.37, 128.43, 128.59, 128.70, 129.90, 129.02, 
129.21, 129.26, 131.31, 131.40, 131.91, 132.0, 135.68, 141.66, 141.69, 142.05, 143.71. 
31P NMR (162 MHz, CDCl3) δ 32.1. HRMS (ESI) Calcd. for C34H32NOP ([M+H]+) m/z 
502.22943, Found 502.22770, and calcd. for ([M+Na]+) m/z 524.21137, Found 
524.20894. 
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Chapter 3 
Chiral Phosphoric Acid-Catalyzed Addition of Thiols to N-Acyl Imines: Access to 
Chiral N,S-Acetals 
3.1. Chiral N,S-Compounds in Asymmetric Catalysis 
Chiral sulfur compounds have been utilized as ligands for metal-based catalysts, 
including the chiral N,S-ligands,1 which have found application in enantioselective 
diethyl zinc addition to benzaldehyde (Scheme 3.1-A)2 and asymmetric alkynylzinc 
additions to aldehydes3 (Scheme 3.1-B). Organo-sulfur compounds are also used as a  
 
Scheme 3.1. Examples of chiral N,S-ligands for metal catalyzed reaction
H
O
+ ZnEt2
Ligand
Et
OH
Me
Me
S
N
OH
Et Et
O
ligand 4, 
3, ee: 92%
yield: 84%
NMeP(O)(OMe)2
SH
Me
Ph
ligand 5, 
3, ee: >98%
yield: >98%
N
S S
N
Me Me
ligand 6, 
3, ee: 87%
yield: 76%
R1 H
O
+ R1
OH
R2
1) ZnMe2 in 2M toluene,
 Et2O, 50  °C, 18 h
R2
Ph OR4
NR32
SH
(10 mol%)
R1 = Aryl R2 = Aryl
R3 = piperidino,
R4 = CPh3
16 examples
ee: 26 to 87%
yield: 30 to 100%
2)
A
B
1 2 3
7
8 9 10
 87 
 
 
Scheme 3.2. Protected cysteine catalyzed Rauhut-Currier reaction 
 
catalyst4 for example, protected the cysteine is shown to promote enantioselective the 
intra-molecular Rauhut-Currier reaction in good yields (Scheme 3.2). In one example, 
chiral N,S-containing compounds were used as chiral auxiliary for boron mediated aldol 
reactions.5 The most versatile method to generate chiral sulfur-carbon bonds is via 
conjugate addition of sulfur nucleophiles to α,β-unsaturated compounds (sulfa-Michael 
addition, SMA) using chiral metal complexes or organocatalysts.6 
3.2. Chiral Metal Complex Catalyzed Sulfa-Michael Reactions 
There are numbers of metal catalyzed sulfa-Michael reactions reported in the 
literature, for example, Shibasaki used lanthanium sodium tris(binapthoxide) complex,7 
Nakajima reported cadmium complex of chiral C2-symmetric N-oxide ligand,8 Koskinen 
employed scandium complex with Evans’ bisoxazoline9 and Kobayashi examined the use 
of bidentate proline derivatives for SMA reactions.10  
In one of the few examples with high selectivity for metal catalyzed SMA was 
reported Tomioka et al.11 Under the optimized reaction conditions, α,β-unsaturated esters 
R1
O
R1O
R1
O R1
OMeO NHAc
O
SH
(10 mol%)
t-BuOK, CH3CN, 
-40 °C, 5h, H2O (20 equiv)
R1 = Aryl, heteroaryl, CH3
10 examples
ee: 67 to 95%
yield: 41 to 75%
11
12 13
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were treated with 2-sustituted aryl thiols catalyzed by a complex generated in situ by 
addition of catalytic amounts of ligand 14 and lithium thiophenolate. The bulky ortho-
substituent of aryl thiols such as TMS and tert-butyl resulted in significant increase in the 
enantioselectivities without being detrimental to the yield (Scheme 3.3).  
 
Scheme 3.3. Asymmetric addition of thiols to α,β-unsaturated esters catalyzed by lithium 
complex of 14 
 
  In another example, DBFOX/Ph (4,6-diebnzofurandiyl-2,2`-bis(4-
phenyloxazoline)), a tridentate ligand was developed by Wada and co-workers. The 
transition metal complexes of DBFOX/Ph have been successfully utilized for various 
cycloaddition reactions including Diels-Alder reaction,12 and the nitrone dipolar 
cycloadditions.13 The catalyst is air stable and found to be active in the presence of 
coordination additives and solvents. In search of new activation, the authors proposed the 
sulfa-Michael reaction could be promoted using this novel catalyst. To their satisfaction, 
the asymmetric conjugate addition of thiols to amide 19 using complex-18 afforded the 
corresponding addition products in high enantioselectivity.14 This was the first example 
of chiral lewis acid catalyzed sulfa-Michael addition reaction reported in the literature 
(Scheme 3.4).  
R
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Scheme 3.4. Sulfa-Michael addition reaction catalyzed by complex-18 
3.3. Organocatalyzed Sulfa-Michael Addition Reactions 
There are a number of sulfa-Michael reactions catalyzed by cinchona alkaloids 
and their derivatives reported in literature, however, in most cases the enantioselectivities 
achieved were unsatisfactory.15 The first example with excellent enantioselectivity for 
conjugate addition of thiols to α,β-unsaturated aldehydes catalyzed by secondary amine 
22 was reported by Jørgensen. This reaction showed good substrate generality, as 
aromatic and aliphatic α-substituted enals were all transformed to products with high 
levels of stereoselectivity. The reaction was performed at low temperatures to suppress  
 
Scheme 3.5. Conjugate addition of thiols to α,β-unsaturated aldehydes catalyzed by 
secondary amine 22.  
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racemization of the products, and the catalytic amount of acid was required presumably 
to catalyze iminium ion formation (Scheme 3.5).16  
Similarly Deng et al.17 published catalytic asymmetric conjugate addition of alkyl 
thiols to α,β-unsaturated oxazolidin-2-ones with a thiourea-chichona alkaloid catalyst.  
During catalyst screening, different cinchona alkaloid catalysts were tested, and a novel 
thiourea-chinchona alkaloid 26 was found to be the most effective for thiol conjugate 
addition. A broad range of alky thiols with either an aromatic or aliphatic group 
proceeded in excellent enantioselectivity. In addition different alkyl and aryl β-
substituents of Michael acceptors were also well tolerated. The alkyl groups of thiols, and  
 
Scheme 3.6.  Enantioselective conjugate addition of alkyl thiols to α,β-unsaturated 
oxazolidin-2-ones.  
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literature procedure to access novel enantioenriched β-mercapto esters in good yields 
(Scheme 3.6).  
In other notable examples of organocatalyzed SMA, Mukaiyama employed 
tertiary amino alcohols like hydroxyproline derivatives,18 Chen19 used bifunctional 
thiourea catalyst, while Ellman20 used novel N-sulfinyl urea. In an application of SMA, 
Xiao et al.21 synthesized highly substituted biologically active chromans derivatives, 
while Shibasaki and coworkers 22synthesized enantioenriched 1,5-benzothiazephine core 
found in pharmaceuticals such as diltiazem, thiazesim.  
3.4. Thiol Addition to Allenoates and Aziridines 
As discussed in previous sections, the conjugate addition of thiols to α,β-
unsaturated compounds is the most common method to synthesize chiral sulfur 
containing compounds. In an alternate approach, Fu et al 23 reported a novel method for 
enantioselective carbon-sulfur bond formation by sulfenlyation of allenoates. The method 
included γ-addition of thiols to allenoates catalyzed by nucleophilic chiral bisphosphine 
Tangphos 30. The phosphine catalyzed asymmetric γ-addition obtained the products in 
good yields and enantioselectivities in the presence of different functional groups 
including alkene, alkynes, ethers, esters and acetals. Likewise, a wide rage of benzyl and 
alkyl thiols were also well tolerated obtaining the products in >90% asymmetric 
induction (Scheme 3.7).  
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Scheme 3.7. Enantioselective addition of thiols to allenoates  
 
Similarly, a highly enantioselective aziridine ring opening by thiols catalyzed 
VAPOL phosphoric acid was reported by Larson et al.24 A number of electron rich, 
electron poor, and hetero-aromatic aryl thiols were excellent substrates for the aziridine 
ring opening reaction, the β-amino thioether products were obtained in excellent yields 
and enantioselectivities. Six, seven membered, and acyclic meso-aziridines were also 
found to be excellent substrates for the ring opening chemistry (Scheme 3.8).  
 
Scheme 3.8.  Enantioselective aziridine ring opening by thiols 
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3.5. N,S-Acetals in Natural Products 
Chiral N,S-acetals are biologically important molecules present in numerous 
natural products such as β-lactam antibiotics,25 the natural product fusaperazine,26 and the 
fungal metabolite (+)-11,110-dideoxyverticillin, an epidithioketopiperazine alkaloid27 
(Figure 3.1).  
 
Figure 3.1. Natural products with chiral N,S-acetal functionality 
 
3.6. Synthetic N,S-Acetals and Their Applications 
Recently, Rai et al.28 synthesized novel tricyclic β-lactams from hydrazone imines 
41, these compounds were found to be active against Escherichia coli and 
Staphylococcus aureus bacteria. Few cyclic N,S-acetals have been explored for their 
therapeutic potential, for example, 3-alkyl-2-aryl-1,3-thiazinan-4-one derivatives 42 were 
tested for cyclooxygenase (COX) enzyme inhibition.29 2-substituted 3-tert-
butoxycarbonyl-thiazolidine-(4R)-carboxylic acid (TBTCA) and derivatives 43 were 
investigated for their antibacterial properties.30 Similarly spiro(oxindole-3,3`-
thiazolidine) based derivatives were screened as potential p53 antibody activity 
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modulators.31 In some analogs of 2,3-dihydrothiazolo[2,3-a]isoindol-5(9bH)-one, an 
cyclic N,S-acetal containing compound, the “R” enantiomer was found to be 50 times 
more potent than the “S” enantiomer for antiviral activity (Figure 3.2).32 In other 
applications, lithiated N,S-acetals of chiral auxiliaries were used as chiral formylating 
reagents.33 However, in spite of their promising biological and chemical properties, there 
are no existing methods for the direct synthesis of acyclic34 or cyclic N,S-acetals in a 
catalytic enantioselective manner. 
The only example of racemic N,S-acetal synthesis was reported by Katritzky.34b 
The reaction combined N,N-aminals derived from benzaldehyde and terepthaldehyde  
with alkyl or aryl thiols under reflux in methanol to obtain racemic N,S-acetals in 30 to 
82% yield (Scheme 3.9).  
 
Figure 3.2. N,S-acetals with promising therapeutic potential  
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Scheme 3.9. Synthesis of racemic N,S-acetals 
 
3.7. Enantioselective Heteroatoms Additions to Imines  
Chiral BINOL phosphoric acids have been utilized as catalysts for many organic 
transformations.35 In the Last few years, Antilla laboratory has contributed a number of 
publications in the field of phosphoric acid catalyzed heteroatom addition to imines.  In 
2005, a highly enantioselective imine amidation catalyzed by VAPOL phosphoric acid 
(R)-33 was reported by Rowland et al.36 This reaction represents the first example of 
chiral N,N-aminal synthesis. The reaction combined N-Boc protected imines and 
aliphatic/aromatic sulfonamides to obtain the corresponding N,N-aminals in excellent 
yields and asymmetric induction (Scheme 3.10A).  
 Chiral peroxide linkage is found in antimalarial compound such as artimisinin,37 
chiral α-amino peroxide moieties are found in a few natural products including 
verruculogen, and dioxetanone. The chiral amino peroxy containing molecules are 
biologically important, however, there are no methods available for such a transformation 
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In this regard, Zhang et al38 reported the first synthesis of chiral α-amino peroxides using 
benzoyl imines and tert-butyl hydrogen peroxide. The reaction was catalyzed by 9-anthyl 
phosphoric acid (R)-52 and the addition products were obtained in excellent yields and 
enantioselectivities.  
Chiral N,O-aminal functionality is found in many natural products including 
pederin,39 mycalamide A,40 (+)-zampanolide,41 and others. Synthesis of achiral N,O-
aminal is known, although there are no reports on enantioselective synthesis of chiral 
N,O-aminals reported in the literature. In this context, Li et al42 reported the first method 
for highly enantioselective chiral N,O-aminal synthesis. This reaction combined N-acyl  
 
Scheme 3.10.  Phosphoric acid catalyzed synthesis of N,N-aminal 
 
 
Scheme 3.11.  Phosphoric acid catalyzed peroxide addition to imines 
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Scheme 3.12. Synthesis of chiral N,O-aminals 
 
imines with various aliphatic alcohols in the presence of catalyst 9-anthyl phosphoric 
acid. The addition products were obtained in excellent yields and enantiomeric excess. In 
terms of substrate scope, the electron donating and electron withdrawing substituents of 
aromatic imines were well tolerated, however the aliphatic imine resulted in lower 
selectivity (Scheme 3.12)  
3.8. Chiral Phosphoric Acid catalyzed Addition of Thiols to N-Acyl Imines 
In continuation of our investigation into chiral phosphoric acid (Figure 3.3) 
catalyzed addition of heteroatoms to imines, we reported43 a highly enantioselective 
addition of thiols to N-acyl imines providing chiral N,S-acetals in excellent yields and 
enantioselectivities (Scheme 3.13) . The reaction was extremely efficient affording high 
asymmetric induction even at 0.005 mol % of catalyst loading. To the best of our 
knowledge, this is the first enantioselective synthesis of N,S-acetal using a chiral catalyst. 
N
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Figure 3.3. Chiral Phosphoric acids  
 
Scheme 3.13. Overview of thiol addition to N-acyl imines 
 
We began our investigation by examining the catalytic asymmetric addition of 
thiophenol 63a to N-acyl imine 56 in ether (Table 3.1). To our delight, PA-62 was found 
to be the best catalyst for this transformation (entry 5). Toluene was the most suitable 
solvent for product formation, allowing a 95% yield and 99% ee (entry 9). Boc-protected 
imine gave chiral N,S-acetal product, albeit with lower yield and enantioselectivity (entry 
10), while a benzhydryl-protected imine did not undergo the addition reaction (entry 11). 
During the optimization studies (Table 3.2), we observed that the addition 
reaction was extremely fast (entry 1) and was complete within 30 s. In the absence of 
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catalyst, the racemic product was obtained in approximately 5 min with excellent yield as 
identified by 1H NMR (entry 8). With this unexpected reactivity, we decided to examine 
the efficiency of the Brønsted acid as a function of catalyst loading. Five mol % and 2 
mol % catalyst loading essentially obtained the same enantioselectivity. (entry 1 and 2). 
Lowering the catalyst loading to 1 mol % and to 0.5 mol %, only a slight decrease in the 
enantioselectivity was observed respectively (entry 3 and 4). Catalyst loading as low 
as0.005 mol %, gave the product with 88% enantiomeric excess (entry 7). asymmetric 
induction was not observed when 56a was treated with thiophenol in the presence of 10 
mol % of chiral product 64a. This verified the Brønsted acid as the sole 
Table 3.1. Catalytic reaction condition optimization for the enantioselective addition of 
thiophenol to Imine 
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THF
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entrya
7
8
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a General conditions: 1.0 equiv of imine and 1.2 equiv of thiophenol. 
b Isolated yields. c ee determined by chiral HPLC analysis.
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source of chiral induction in the resulting product, with no auto-induction observed. 
Many of the existing organocatalytic reactions reported in the literature are performed at 
10 mol % or higher catalyst loading and this can represent a limitation of this type of 
catalysis. There are only two examples of chiral Brønsted acid catalysts with significantly 
lower catalyst loading reported in literature, in first example, an aza-ene type reaction 
using BINOL Phosphoric acid, 0.05 mol % of catalyst loading and a 93% ee was 
reported;44 while in second example, enantioselective protonation, a reaction using N-
triflyl phosphoramides, with 0.05 mol % catalyst loading and a 86% ee, was reported by 
Shibasaki and coworkers,45 by far this is the most noteworthy illustration of catalyst 
efficiency observed to date with these catalysts. 
Table 3.2. Catalytic loading data for the enantioselective addition of thiophenol to imine  
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The scope of nucleophilic addition of thiophenol 63a to various N-acyl imines 
was explored using 2 mol % of PA-62 (Table 3.3). Note that in each case we could 
optimize further in terms of lower catalyst loadings but chose 2 mol % for the general 
study. To our satisfaction, aromatic imines with electron withdrawing substituents (64b-
e), as well as electron donating substituents (64f and 64g) were tolerated under the 
reaction conditions. Sterically demanding imines such as a 1-napthyl analogue led to 
excellent yield and ee (64h). Aliphatic imines were discovered to be poor substrates, with  
Table 3.3. The catalytic asymmetric addition of thiophenol to N-acyl imines 
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 102 
 
Scheme 3.14.  Thiol scope for catalytic asymmetric addition of thiol N-acyl imine 
 
products being obtained in low yields and ee. For example, with a t-butyl N-acyl 
substrate, 2.0 equiv of imine and 1.0 equiv of 63a were used, and the resulting product 
64i was isolated in 51% yield and 31% ee 
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Encouraged by the excellent reactivity of aromatic imine substrates, we evaluated 
the scope of the addition reaction with respect to thiol nucleophiles. The results are 
summarized in scheme 3.14. Under the optimum reaction conditions, thiophenols bearing 
electron donating (65b and 65c) as well as electron withdrawing (65d) substituents led to 
the formation of N,S-acetal products in excellent yields and enantioselectivities. Napthyl-
2-thiol was also found to be an excellent nucleophile for the addition reaction (65e). 
However, aromatic thiols with strong electron withdrawing groups such as 3,5-
bis(trifluoromethyl)thiophenol yielded N,S-acetal with lower asymmetric induction (65f). 
In the case of aliphatic thiols 5 mol % of catalyst was needed in order to achieve 
high levels of selectivity. Cyclohexyl, hydrocinnamyl, iso-butyl and n-heptyl thiols were 
found to be excellent nucleophiles furnishing the N,S-acetals in good yields and ee (65g-
j). 2-Chlorobenzylthiol was found to be an exceptionally active nucleophile, achieving 
excellent enantioselectivity even at 2 mol % catalyst loading (65k). 
The substrate scope is very broad with respect to the thiols. We successfully 
synthesized a chiral amido-thiol using liquefied H2S in greater than 99.0% ee (65l). Boc 
protected L-cysteine ester gave the addition product in 95/5 dr (65m). Selenophenol 66 
yielded the expected result, forming the addition product 67 with 97% ee (Scheme 
3.15).46 The absolute configuration of the N,S-acetals was determined unambiguously to 
be “R” using single X-ray crystallographic analysis of compound 65b, and the 
stereochemistry of all other products was assigned by analogy (Figure 3.7). 
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Scheme 3.15. Selenophenol addition to N-acyl imine 
 
For enantioselective thiol addition to imines we proposed a mechanism where 
phosphoric acid plays a duel role. The Brønsted acidic site activates the imine via a 
hydrogen bonding interaction, and the phosphoryl oxygen acts as a Brønsted base 
activates the thiol hydrogen simultaneously (Figure 3.4).  
 
Figure 3.4. Proposed transition state for N,S-acetal synthesis  
 
According to X-ray analysis the ‘R’ configuration was obtained for the N,S-
acetals. Therefore we hypothesize that the Re face attack of thiol on the imine substrate 
must occur in order to attain that observed stereochemistry. The chem-3D analysis of the 
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face is blocked by 3, 3’ substituent of the catalyst (Figure 3.6 and 3.7).  
 
Figure 3.5.  Chem3D structure of catalyst (R)-PA-62 and N-acyl imine Re face 
 
 
 
 
 
 
Figure 3.6. Chem 3D structure of catalyst (R)-PA-62 and N-acyl imine Si face 
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3.9. Conclusions 
To summarize, we have developed the first method to synthesize chiral N,S-
acetals catalyzed by a BINOL phosphoric acid. This addition reaction has a broad 
substrate scope and the resulting N,S-acetals were obtained in high yields and excellent 
enantioselectivities. The BINOL phosphoric acid was found to be an extremely efficient 
catalyst for the transformation, resulting in asymmetric induction at extremely low 
catalyst loading. This methodology has given access to new chiral sulfur compounds, 
which have the potential to be used as synthetic building blocks. Moreover, these new 
sulfur compounds themselves could also be exploited for potential therapeutic benefit. 
 
Figure 3.7. ORTEP representation of 65b 
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3.10. Experimental Section 
General Information: All reactions were carried out in flame-dried or oven-dried 
screw-cap test tubes and were allowed to proceed under a dry argon atmosphere with 
magnetic stirring. Anhydrous methyl tert-butyl ether (MTBE) was purchased from 
Aldrich, other solvents (toluene, diethyl ether, and THF) were purified by passing 
through a column of activated alumina under a dry argon atmosphere. N-acyl imines 
(56a-i) were synthesized according to the literature procedure and were purified by 
sublimination,47 Aldehydes were purchased from commercial sources and used without 
further purification. Thiols were purchased from commercially available sources. Liquid 
thiols were distilled onto 4 Å molecular sieves directly before use. Solid thiols were used 
directly with the exception of 2-naphthalenethiol, which was purified by sublimation to a 
white solid. Chiral BINOL was purchased from commercial sources and used without 
further purification. Substituted BINOL phosphoric acids (R), (PA-5948, PA-5248, PA-
6049, PA-6150 PA-6251) were synthesized according to the known literature procedures. 
VAPOL phosphoric acid (R)-(PA-6) was synthesized according to the literature 
procedure.36,52 Thin layer chromatography was performed on Merck TLC plates (silica 
gel 60 F254). Flash column chromatography was performed with Merck silica gel (230-
400 mesh). Enantiomeric excess (ee) was determined using a Varian Prostar HPLC with a 
210 binary pump and a 335 diode array detector. Optical rotations were performed on a 
Rudolph Research Analytical Autopol IV polarimeter (λ 589) using a 700-µL cell with a 
path length of 1-dm. 1H NMR and 13C NMR were recorded on a Varian  Inova-400 
spectrometer (400 MHz) with chemical shifts reported relative to tetramethylsilane 
(TMS). The HRMS data were measured on an Agilent 1100 LC/MS ESI/TOF mass 
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spectrometer with electro-spray ionization. Compounds described in the literature were 
characterized by comparing their 1H NMR, 13C NMR, and melting point (mp) to the 
reported values. Elemental analysis was performed by Atlantic Microlabs, Norcross, GA 
General procedure for reaction of thiophenol (63a) with N-acyl imines (56a-i):  
To a flame-dried reaction tube with septa and stir bar was added N-acyl imine, 
56a-i (0.1 mmol) and (R)-TRIP-PA catalyst, (R)-PA-62 (2 mol %). The tube was 
evacuated and filled with argon. Dry toluene (1.0 mL) was added to the mixture, 
followed by thiophenol, 63a (0.12 mmol) via syringe. The reaction was stirred at room 
temperature for 5 minutes. The crude product was purified directly by flash column 
chromatography (hexane: ethyl acetate = 2:1) to give the corresponding chiral N,S-acetal 
product. The ee values of the products were determined by chiral HPLC analysis after the 
products were purified.  
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S
O
Ph
Ph
 
N-(Phenyl-phenylsulfanyl-methyl)-benzamide (64a) 
The reaction was performed according to the general procedure to obtain a white solid, 
31.3 mg, 95% yield, 99% ee. Mp: 168.5-170.0°C. HPLC analysis: Chiralcel AS-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 17.99 min, t r-minor 23.00 min. [α]20D = -4.0° 
(c = 0.50, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.57-7.54 (m, 2H), 7.43-7.37 (m, 5H), 
7.31-7.16 (m, 8H), 6.69 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 166.52, 138.84, 134.05, 
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133.13, 132.60, 131.97, 129.31, 128.97, 128.79, 128.59, 128.16, 127.10, 126.85, 59.85. 
HRMS (ESI) calcd for C2H17NOS ([M+Na]+) m/z 342.09231, found 342.09095. 
 
HN
S
O
Ph
Ph
F N-[(4-Fluoro-phenyl)-phenylsulfanyl-methyl]-benzamide (64b) 
The reaction was performed according to the general procedure to obtain a white solid, 
32.0 mg, 96% yield, 97% ee. Mp: 184.3-187.0°C. HPLC analysis: Chiralcel AS-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 19.63 min, t r-minor 22.31 min. [α]20D = +1.6° 
(c = 0.37, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.56 (d, 2H, J = 7.2 Hz), 7.44-7.37 (m, 
5H), 7.32 (t, 2H, J = 7.6 Hz) 7.23-7.18 (m, 3H), 6.97 (t, 2H, J = 8.4 Hz), 6.66-6.59 (m, 
2H). Carbon. 13C NMR (101 MHz, CDCl3) δ 166.55, 162.74 (d, 1JC-F = 248 Hz), 134.78 
(d, 4J C-F = 4.0 Hz), 133.89, 132.83, 132.63, 132.13, 129.43, 128.88, 128.68 (3J C-F = 
8.0Hz), 128.37, 127.10, 115.90 (d, 2J C-F = 21.0 Hz), 59.23. HRMS (ESI) calcd for 
C20H16FNOS ([M+Na]+) m/z 360.08288, found 360.08121. 
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S
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O
Ph
Cl  
N-[(4-Chloro-phenyl)-phenylsulfanyl-methyl]-benzamide (64c)   
The reaction was performed according to the general procedure to obtain a white solid, 
32.9 mg, 93% yield, 99% ee. Mp: 179.7-182.6°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 95/5, 1.0 mL/min), t r-major 18.20 min, t r-minor 15.51 min. [α]20D = -7.1° 
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(c = 0.37, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.56 (d, 2H, J = 7.6 Hz) 7.44-7.18 (m, 
12H), 6.61 (s, broad, 2H). 13C NMR (101 MHz, CDCl3) δ 166.56, 137.47, 134.44, 
133.83, 132.72, 132.67, 132.16, 129.46, 129.15, 128.89, 128.46, 128.29, 127.11, 59.33. 
HRMS (ESI) calcd for C20H16ClNOS ([M+Na]+) m/z 376.05333, found 376.05188. 
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Br  
N-[(4-Bromo-phenyl)-phenylsulfanyl-methyl]-benzamide (64d)   
The reaction was performed according to the general procedure to obtain a white solid, 
39.4 mg, 99% yield, 99% ee. Mp: 180.0-183.0°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 95/5, 1.0 mL/min), t r-major 19.85 min, t r-minor 17.25 min. [α]20D = -7.1° 
(c = 0.44, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.56 (d, 2H, J = 7.2 Hz), 7.42-7.18 (m, 
12H), 6.59 (s, broad, 2H). 13C NMR (101 MHz, CDCl3) δ 166.58, 137.99, 133.80, 
132.72, 132.62, 132.17, 132.10, 129.46, 128.89, 128.60, 128.47, 127.11, 122.58, 59.39. 
HRMS (ESI) calcd for C20H16BrNOS ([M+Na]+) m/z 420.00282, found 420.00152. 
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F3C  
N-[Phenylsulfanyl-(4-trifluoromethyl-phenyl)-methyl]-benzamide (64e)  
The reaction was performed according to the general procedure to obtain a white solid, 32.2 mg, 
77% yield, 93% ee. Mp: 184.6-186.8°C. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 90/10, 
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1.0 mL/min), t r-major 16.09 min, t r-minor 25.13 min. [α]20D = -6.6° (c = 0.50, CHCl3). 1H NMR (400 
MHz, CDCl3) δ 7.59-7.52 (m, 6H), 7.45-7.32 (m, 5H), 7.25-7.18 (m, 3H), 6.66 (s, 2H). Carbon. 
13C NMR (101 MHz, CDCl3) δ 166.43, 142.58, 133.42, 132.54, 132.11, 132.02, 130.50 (q, 2JC-F = 
32.3 Hz), 129.29, 128.68, 128.40, 127.06, 126.87, 125.71 (q, 3JC-F = 4.0 Hz), 123.85 (q, 1JC-F = 
275.7 Hz) 59.26.HRMS (ESI) calcd for C21H16F3NOS ([M+Na]+) m/z 410.07969, found 
410.07895. 
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N-(Phenylsulfanyl-p-tolyl-methyl)-benzamide (64f) 
The reaction was performed according to the general procedure to obtain a white solid, 
27.0 mg, 80% yield, 98% ee. Mp: 165.0-168.0°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 95/5, 1.0 mL/min), t r-major 13.48 min, t r-minor 10.95 min. [α]20D = -3.6° 
(c = 0.395, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.55 (d, 2H, J = 7.6 Hz), 7.39 (d, 3H, 
J = 6.8 Hz), 7.32-7.29 (m, 4H), 7.21-7.16 (m, 3H), 7.10 (d, 2H, J = 7.6 Hz), 6.67-6.59 
(m, 2H), 2.27 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.45, 138.49, 135.91, 134.15, 
133.34, 132.50, 131.96, 129.62, 129.30, 128.81, 128.09, 127.09, 126.74, 59.67, 21.38. 
HRMS (ESI) calcd for C21H19NOS ([M+Na]+) m/z 356.10796, found 356.10601. 
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O
MeO  
N-[(4-Methoxy-phenyl)-phenylsulfanyl-methyl]-benzamide (64g) 
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The reaction was performed according to the general procedure to obtain a white solid, 
34.2 mg, 98% yield, 97% ee. Mp: 167.0-170.0°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 15.33 min, t r-minor 11.91 min. [α]20D = -5.6° 
(c = 0.61, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.56-7.54 (m, 2H), 7.42-7.29 (m, 7H), 
7.22-7.16 (m, 3H), 6.82-6.80 (m, 2H), 6.66-6.59 (m, 2H), 3.72 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ 166.44, 159.78, 134.13, 133.35, 132.47, 131.96, 131.01, 129.30, 128.80, 
128.12, 128.07, 127.09, 114.35, 59.41, 55.54. HRMS (ESI) calcd for C21H19NO2S 
([M+Na]+) m/z 372.10287, found 372.10188. 
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N-(Naphthalen-1-yl-phenylsulfanyl-methyl)-benzamide (64h) 
The reaction was performed according to the general procedure to obtain a yellowish-
white solid, 35.5 mg, 96% yield, 98% ee. Mp: 167.8-169.8°C. HPLC analysis: Chiralcel 
AS-H (hexane/iPrOH = 93/7, 1.0 mL/min), t r-major 41.09 min, t r-minor 34.47 min. [α]20D = -
51.8° (c = 0.44, CHCl3). 1H NMR (400 MHz, CDCl3) δ 8.28 (d, 1H, J = 8.8 Hz), 7.79 (d, 
1H, J = 8.0 Hz), 7.74 (d, 1H, J = 8.0 Hz), 7.59 (d, 3H, J = 7.92 Hz), 7.51 (t, 1H, J = 7.2 
Hz ), 7.45-7.27 (m, 8H), 7.22-7.16 (m, 3H), 6.89 (d, 1H, J = 9.2 Hz). 13C NMR (101 
MHz, CDCl3) δ 166.38, 134.39, 134.13, 133.96, 133.51, 132.53, 132.00, 130.28, 129.53, 
129.34, 129.05, 128.79, 128.19, 127.14, 126.99, 126.31, 125.26, 124.33, 123.58, 57.20. 
HRMS (ESI) calcd for C24H19NOS ([M+Na]+) m/z 392.10796, found 392.10633. 
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N-(2,2-Dimethyl-1-phenylsulfanyl-propyl)-benzamide (64i) 
The reaction was performed according to an altered general procedure using 0.1 mmol of 
thiophenol (63a) and 0.2 mmol of N-(2,2-dimethyl-propylidene)-benzamide (64i) to 
obtain a white solid, 7.6 mg, 51% yield, 31% ee. Mp: 97.7-99.6°C. HPLC analysis: 
Chiralcel OD-H (hexane/iPrOH = 98/2, 1.0 mL/min), t r-major 15.96 min, t r-minor 13.61 
min. [α]20D = +22.6° (c = 0.325, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.48-7.46 (m, 
2H), 7.40-7.36 (m, 3H), 7.29 (t, 2H, J = 7.6 Hz), 7.18-7.07 (m, 3H), 6.14 (d, 1H, J = 10.0 
Hz), 5.52 (d, 1H, J = 10.0 Hz), 1.09 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 167.11, 
134.63, 133.74, 132.07, 131.71, 129.19, 128.76, 127.39, 126.87, 67.19, 37.50, 27.02. 
HRMS (ESI) calcd for C18H21NOS ([M+Na]+) m/z 322.12361, found 322.12219. 
General procedure for reaction of thiols (63b-n) with N-benzylidene-benzamide 
(56a):  
To a flame-dried reaction tube with septa and stir bar was added N-acyl imine 
(56a) (0.1 mmol) and (R)-TRIP-PA catalyst, (R)-PA-62 (2 mol %). The tube was 
evacuated and filled with argon. Dry toluene (1.0 mL) was added to the mixture, 
followed by thiol, 63b-n (0.12 mmol) via syringe. The reaction was stirred at room 
temperature for 10 minutes. The crude product was purified directly by flash column 
chromatography (hexane: ethyl acetate = 2:1) to give the corresponding chiral N,S-acetal 
product. The ee values of the products were determined by chiral HPLC analysis after the 
products were purified.  
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N-[(4-Methoxy-phenylsulfanyl)-phenyl-methyl]-benzamide (65b)  
The reaction was performed according to the general procedure to obtain a white solid, 
33.6 mg, 96% yield, 98% ee. Mp: 184.4-187.1°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 13.60 min, t r-minor 10.99 min. [α]20D = 
+11.8° (c = 0.53, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.59 (d, 2H, J = 7.6 Hz), 7.44-
7.18 (m, 10H), 6.72 (d, 2H, J = 8.8 Hz), 6.59 (d, 1H, J = 9.2 Hz), 6.52 (d, 1H, J = 9.2 
Hz), 3.69 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.31, 160.44, 139.11, 136.25, 134.23, 
131.97, 128.93, 128.84, 128.49, 127.09, 126.85, 123.08, 114.89, 60.85, 55.52. HRMS 
(ESI) calcd for C21H19NO2S ([M+Na]+) m/z 372.10287, found 372.10268. 
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N-[(3,5-Dimethyl-phenylsulfanyl)-phenyl-methyl]-benzamide (65c) 
The reaction was performed according to the general procedure to obtain a white solid, 
33.0 mg, 95% yield, 96% ee. Mp: 169.9-171.2°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 8.89 min, t r-minor 7.93 min. [α]20D = +0.8° (c 
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= 0.635, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.58-7.56 (m, 2H), 7.40 (t, 3H, J = 6.8 
Hz), 7.33-7.22 (m, 5H), 7.01 (s, 2H), 6.79 (s, 1H), 6.67-6.60 (m, 2H), 2.14 (s, 6H). 13C 
NMR (101 MHz, CDCl3) δ 166.50, 139.05, 138.90, 134.22, 132.40, 131.91, 130.51, 
130.06, 128.90, 128.77, 128.49, 127.09, 126.86, 59.90, 21.30. HRMS (ESI) calcd for 
C22H21NOS ([M+Na]+) m/z 370.12361, found 370.12514. 
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N-[(2-Chloro-phenylsulfanyl)-phenyl-methyl]-benzamide (65d)   
The reaction was performed according to the general procedure to obtain a white solid, 
35.4 mg, 79 yield, >99% ee. Mp: 155.9-158.0°C. HPLC analysis: Chiralcel AS-H 
(hexane/iPrOH = 95/5, 1.0 mL/min), t r-major 46.83 min, t r-minor 40.27 min. [α]20D = -4.7° 
(c = 0.47, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.59-7.57 (m, 2H), 7.47-7.44 (m, 3H), 
7.40-7.36 (m, 1H), 7.31-7.21 (m, 6H), 7.09-7.05 (m, 2H), 6.85 (d, 1H, J = 9.2 Hz), 6.78 
(d, 1H, J = 9.2 Hz). 13C NMR (101 MHz, CDCl3) δ 166.58, 138.27, 136.11, 133.77, 
133.23, 132.83, 132.04, 130.12, 129.05, 129.02, 128.80, 128.78, 127.67, 127.13, 126.88, 
59.22. HRMS (ESI) calcd for C20H16ClNOS ([M+Na]+) m/z 376.05333, found 
376.05325. 
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N-[(Naphthalen-2-ylsulfanyl)-phenyl-methyl]-benzamide (65e) 
The reaction was performed according to the general procedure to obtain a white solid, 
35.5 mg, 92% yield, 96% ee. Mp: 175.7-177.4°C. HPLC analysis: Chiralcel OD-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 16.01 min, t r-minor 11.83 min. [α]20D = 
+10.7° (c = 0.48, CHCl3). 1H NMR (400 MHz, DMSO) δ 9.57 (d, 1H, J = 9.2 Hz), 8.03 
(s, 1H), 7.88-7.85 (m, 2H), 7.80-7.69 (m, 5H), 7.61 (dd, 1H, J = 8 Hz, J = 1.6 Hz), 7.52-
7.32 (m, 8H), 6.92 (d, 1H, J = 9.2 Hz). 13C NMR (101 MHz, DMSO) δ 166.08, 139.20, 
133.77, 133.16, 131.82, 131.62, 131.45, 129.81, 128.70, 128.52, 128.37, 128.17, 128.13, 
127.60, 127.46, 127.22, 127.19, 126.68, 126.29, 59.19.  HRMS (ESI) calcd for 
C24H19NOS ([M+Na]+) m/z 392.10796, found 392.10772. 
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N-[(3,5-Bis-trifluoromethyl-phenylsulfanyl)-phenyl-methyl]-benzamide (65f) 
The reaction was performed according to the general procedure to obtain a white solid, 
41.4 mg, 91% yield, 60% ee. Mp: 165.0-166.6°C. HPLC analysis: Chiralcel AD-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 4.69 min, t r-minor 6.39 min. [α]20D = -12.8° 
(c = 0.9, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.84 (s, 2H), 7.69-7.65 (m, 3H), 7.51-
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7.46 (m, 3H), 7.41-7.35 (m, 5H), 6.90 (d, 1H, J = 9.6 Hz), 6.78 (d, 1H, J = 9.6 Hz). 
Carbon. 13C NMR (101 MHz, CDCl3) δ 166.56, 137.64, 137.04, 133.46, 132.38 (q, 2J C-F 
= 33.3 Hz), 132.40, 131.98-131.91 (m, for central carbon atom which is ortho to both CF3 
groups ), 129.36, 129.29, 128.94, 127.10, 126.88, 123.05 (q, 1J C-F =  273.7 Hz), 121.49 
(q, 3J C-F = 4.0 Hz), 59.75. HRMS (ESI) calcd for C22H15F6NOS ([M+Na]+) m/z 
478.06708, found 478.06796. 
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N-(Cyclohexylsulfanyl-phenyl-methyl)-benzamide (65g) 
The reaction was performed according to the general procedure except using 5 mol % of 
PA-62 to obtain a white solid, 23.8 mg, 77% yield, 92% ee. Mp: 131.6-132.3°C. HPLC 
analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 6.37 min, t r-minor 
5.44 min. [α]20D = -1.1° (c = 0.565, CHCl3). 1H NMR (400 MHz, ((CD3)2CO ) δ 8.33 (d, 
1H, J = 8.8 Hz), 7.96 (d, 2H, J = 8.4 Hz), 7.58-7.51 (m, 3H), 7.45 (t, 2H, J = 8.0 Hz), 
7.33 (t, 2H, J = 7.6 Hz), 7.26 (t, 1H, J = 7.2 Hz), 6.63 (d, 1H, J = 9.6 Hz), 2.92 (t, 1H, J 
= 10.4 Hz), 2.22 (d, 1H, J = 12.8 Hz), 1.90-1.87 (m, 1H), 1.75-1.68 (m, 2H), 1.55 (s, 
broad 1H) 1.48-1.24 (m, 5H). 13C NMR (101 MHz, acetone) δ 165.85, 140.62, 134.41, 
131.35, 128.30, 128.26, 127.56, 127.41, 126.86, 55.36, 43.37, 37.63, 33.86, 33.16, 25.83, 
25.57. HRMS (ESI) calcd for C20H23NOS ([M+Na]+) m/z 348.13926, found 348.13904. 
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N-(Phenethylsulfanyl-phenyl-methyl)-benzamide (65h) 
The reaction was performed according to an altered general procedure using 5 mol % of 
PA-62 to obtain a white solid, 29.9 mg, 86% yield, 95% ee. Mp: 130.9-133.0°C. HPLC 
analysis: Chiralcel AS-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 15.81 min, t r-minor 
18.28 min. [α]20D = -5.2° (c = 0.54, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.70 (d, 2H, J 
= 7.2 Hz), 7.44-7.09 (m, 13H), 6.63 (d, 1H, J = 9.2 Hz), 6.48 (d, 1H, J = 9.6 Hz), 2.99-
2.71 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 166.61, 140.32, 139.29, 133.89, 132.06, 
128.96, 128.84, 128.77, 128.63, 128.45, 127.22, 126.73, 126.55, 57.01, 36.35, 33.39. 
HRMS (ESI) calcd for C22H21NOS ([M+Na]+) m/z 370.12361, found 370.12321. 
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N-(Isobutylsulfanyl-phenyl-methyl)-benzamide (65i) 
The reaction was performed according to an altered general procedure using 5 mol % of 
PA-62 to obtain a white solid, 27.5 mg, 92% yield, 95% ee. Mp: 129.2-130.1°C. HPLC 
analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 7.09 min, t r-minor 
5.97 min. [α]20D = -22.5° (c = 0.425, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.73  (d, 2H, 
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J = 8 Hz), 7.46-7.34 (m, 5H), 7.29-7.17 (m, 3H), 6.63 (d, 1H, J = 8.0 Hz), 6.39 (d, 1H, J 
= 8.0 Hz), 2.61 (dd, 1H, J = 12.4 Hz, J = 6.4 Hz), 2.39 (dd, 1H, J = 12.4 Hz, J = 7.2 Hz), 
1.89-1.79 (m, 1H), 0.93 (d, 3H, J = 2.0 Hz), 0.91 (d, 3H, J = 2.0 Hz). 13C NMR (101 
MHz, CDCl3) δ 166.56, 139.64, 134.02, 132.06, 128.95, 128.88, 128.40, 127.19, 126.69, 
57.56, 40.87, 28.86, 22.43, 22.04. HRMS (ESI) calcd for C18H21NOS ([M+Na]+) m/z 
322.12361, found 322.12399. 
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N-(Heptylsulfanyl-phenyl-methyl)-benzamide (65j) 
The reaction was performed according to an altered general procedure using 5 mol % of 
PA-62  to obtain a white solid, 32.8 mg, 96% yield, 94% ee. Mp: 85.2-88.8°C. HPLC 
analysis: Chiralcel AS-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 7.84 min, t r-minor 
9.87 min. [α]20D = -11.0° (c = 0.575, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.74 (d, 2H, 
J = 7.2 Hz), 7.46-7.35 (m, 5H), 7.29-7.18 (m, 3H), 6.61 (d, 1H, J = 9.2 Hz), 6.41 (d, 1H, 
J = 9.2 Hz), 2.72-2.65 (m, 1H), 2.56-2.49 (m, 1H), 1.64-1.54 (m, 2H), 1.32-1.18 (m, 8H), 
0.79 (t, 3H, J = 6.8 Hz). 13C NMR (101 MHz, CDCl3) δ 166.53, 139.61, 134.03, 132.08, 
128.97, 128.89, 128.41, 127.21, 126.71, 57.23, 32.09, 31.88, 29.77, 29.07, 29.02, 22.78, 
14.25. HRMS (ESI) calcd for C21H27NOS ([M+Na]+) m/z 364.17056, found 364.17068. 
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N-[(2-Chloro-benzylsulfanyl)-phenyl-methyl]-benzamide (65k) 
The reaction was performed according to the general procedure to obtain a white solid, 
32.6 mg, 92% yield, 98% ee. Mp: 140.2-141.5°C. HPLC analysis: Chiralcel AS-H 
(hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 15.95 min, t r-minor 25.51 min. [α]20D = 
+32.1° (c = 0.495, CHCl3).1H NMR (400 MHz, CDCl3) δ 7.68 (d, 2H, J = 7.2 Hz), 7.44 
(t, 1H, J = 7.2 Hz), 7.36-7.33 (m, 5H), 7.27-7.17 (m, 4H), 7.10-7.06 (m, 2H), 6.68 (d, 1H, 
J = 9.2 Hz), 6.42 (d, 1H, J = 9.2 Hz), 3.95 (d, 1H, J = 13.6 Hz), 3.90 (d, 1H, J = 13.6 Hz). 
13C NMR (101 MHz, CDCl3) δ 166.62, 139.01, 135.96, 134.22, 133.85, 132.12, 131.02, 
130.01, 128.96, 128.85, 128.84, 128.50, 127.23, 127.22, 126.73, 57.82, 34.37. HRMS 
(ESI) calcd for C21H18ClNOS ([M+Na]+) m/z 390.06898, found 390.06885. 
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N-(Mercapto-phenyl-methyl)-benzamide (65l) 
The reaction was performed according to an altered general procedure stirring the 
reaction at -78°C to obtain a white solid, 12.6 mg, 52% yield, 99% ee. Mp: 126.7-
128.5°C. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 
12.44 min, t r-minor 23.64 min. [α]20D = -161.1° (c = 0.975, CHCl3).1H NMR (400 MHz, 
CDCl3) δ 7.70-7.68 (m, 2H), 7.43-7.39 (m, 3H), 7.34-7.22 (m, 5H), 6.93 (d, 1H, J = 8.0 
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Hz), 6.40 (dd, 1H, J = 8.4 Hz, J = 5.2 Hz), 3.05 (d, 1H, J = 5.2 Hz). 13C NMR (101 MHz, 
CDCl3) δ 166.38, 139.79, 133.78, 132.13, 129.20, 128.82, 128.80, 127.28, 126.52, 52.95. 
HRMS (ESI) calcd for C14H13NOS ([M+Na]+) m/z 266.06101, found 266.06208. In 
HRMS conditions, the disulfide bond formation of compound 4l was also observed, calcd 
for C28H24N2O2S2 ([M+H]+) m/z 485.13520, found 485.13658, ([M+Na]+) m/z 
507.11714, found 507.12024.   
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3-(Benzoylamino-phenyl-methylsulfanyl)-2-tert-butoxycarbonylamino-propionic 
acid methyl ester (65m) 
The reaction was performed according to an altered general procedure using 5 mol % of 
PA-62  to obtain a white solid, 29.8 mg, 67% yield, 95/5 dr. Mp: 158.7-160.0°C. HPLC 
analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 10.17 min, t r-minor 
12.92 min. [α]20D = -16.8° (c = 0.52, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.91 (d, 2H, 
J = 7.6 Hz), 7.46-7.19 (m, 9H), 6.44 (d, 1H, J = 8.8 Hz), 5.45 (d, 1H, J = 8.4 Hz), 4.55-
4.50 (m, 1H), 3.66 (s, 3H), 3.08 (dd, 1H, J = 14.4 Hz, J = 4.8 Hz), 2.82 (dd, 1H, J = 14.4 
Hz, J = 7.6 Hz), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 171.68, 166.77, 156.10, 
139.31, 133.71, 132.10, 128.94, 128.75, 128.51, 127.69, 126.83, 80.73, 58.65, 54.09, 
52.93, 35.72, 28.53. HRMS (ESI) calcd for C23H28N2O5S ([M+Na]+) m/z 467.16111, 
found 467.16156.  
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N-(Phenyl-phenylselanyl-methyl)-benzamide (67) 
The reaction was performed according to the general procedure to obtain a white solid, 
28.2 mg, 77% yield, 97% ee. Mp: 121.8-123.1°C. HPLC analysis: Chiralcel AD-H 
(hexane/iPrOH = 90/10, 0.5 mL/min), t r-major 47.47 min, t r-minor 50.39 min. [α]20D = -
31.2° (c = 0.415, CHCl3). 1H NMR (400 MHz, CDCl3) δ 7.53 (d, 2H, J = 7.2 Hz), 7.46 
(d, 2H, J = 7.2 Hz), 7.40 (t, 1H, J = 7.6 Hz), 7.32 (t, 4H, J = 7.6 Hz), 7.28-7.12 (m, 6H), 
6.86 (d, 1H, J = 9.6 Hz), 6.76 (d, 1H, J = 9.2 Hz). 13C NMR (101 MHz, CDCl3) δ 
166.26, 139.50, 135.71, 134.13, 131.98, 129.33, 128.95, 128.81, 128.72, 128.31, 127.05, 
126.50, 53.78. Anal calcd. for C20H17NOSe⋅0.5 C6H14 : C, 67.48; H, 5.91; N, 3.42. 
Found: C, 67.96; H, 5.66; N, 3.86.  MS (ESI): Calcd for C20H17NOSe ([M+Na]+) m/z 
390.0, Found 389.9. 
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Chapter 4 
Desymmetrization of meso-Epoxides with Thiols Catalyzed by Lithium BINOL 
Phosphate 
4.1. Background 
Desymmetrization of meso-epoxides is a powerful method to synthesize two 
contiguous chiral centers in one step. Kinetic resolution of racemic epoxides is also 
commonly used to synthesize 1,2 functionalized organic compounds and isolate a less 
reactive enantioenriched isomer of epoxide (Scheme 4.1). A wide range of azide, amine, 
oxygen, sulfur, halide and carbon-centered nucleophiles has been employed for 
asymmetric ring opening (ARO) of meso-epoxides. In last two decades ARO of meso-
epoxides with metal-based catalysts has grown considerably, herein a brief overview of 
ARO with different nucleophiles is presented.1  
 
Scheme 4.1. Schematic representation of desymmetrization and kinetic resolution 
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4.2.1. Nitrogen Based Nucleophiles 
Building on the previous work by Yamashita2 and Oguni,3 Nugent4 reported one 
of the first examples of highly enantioselective desymmetrization of meso-epoxides with 
TMS-azide catalyzed by zirconium ligated by trialkanolamine ligand. The metal complex 
was synthesized in situ by addition of zirconium alkoxide and ligand L-1. An additive, 
trimethylsilyl trifluoroacetate was added to enhance the lewis acidity of the metal center. 
Few examples of six membered cyclic meso-epoxides, one example each of 5 membered 
and open chain epoxide reacted with good yield and good enantioselectivity, however the 
reaction scope of limited to few epoxide substrates (Scheme 4.2). 
Scheme 4.2. Epoxide ring opening catalyzed by zirconium L-1 complex 
 
Subsequently in 1995, Jacobsen5 published a seminal work on chromium salen 
complex catalyzed highly enantioselective ring-opening of epoxides with an azide. 
Previously, the authors had shown chromium salen complex was an effective catalyst of 
asymmetric epoxidation of simple olefins.6 The azido alcohol products were obtained in 
excellent yields and enantioselectivities. The reaction was also effective under solvent 
free conditions and the catalyst was reused up to five catalytic cycles, this proved the  
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Scheme 4.3. Desymmetrization of epoxide with TMSN3  
 
robustness of chromium salen catalyst under reaction conditions. Overall this reaction 
demonstrated of an excellent example of environmentally friendly reaction.  
After the extensive mechanistic studies,7 the authors proved the azido-salen 
complex formed in situ was the active catalyst for the reaction. Detailed kinetic 
experiments reveled 2nd order dependence on the concentration of active catalyst, zero 
order dependence on the concentration of nucleophile, and inverse order dependence on 
the epoxide concentration (Scheme 4.3).  
The epoxide ring-opening by other nitrogen-centered nucleophiles such as 
anilines is hampered by the fact that aniline usually binds with the Lewis acidic metal 
center of the catalyst, thus rendering the catalyst inactive for electrophilic activation. In 
some earlier attempts by Shibsaski,8 Hou9 and others, the enantioselective addition of  
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Scheme 4.4.  Desymmetrization of meso-epoxides with aniline derivatives 
 
anilines to epoxides met with limited success. Recently Shū Kobayashi et al.10 published 
a highly enantioselective desymmetrization of meso-epoxides with aniline catalyzed by a 
niobium complex of a modified tetra-dentate BINOL (L-8). The open chained meso-
epoxides with different alkyl substituents as well as six and five membered cyclic 
epoxides obtained the addition products in excellent yields and enantioselectivities. The 
niobium complex of L-8 showed excellent chemo-selectivity for less bulky epoxide over 
the bulkier epoxides when equi-molar mixtures of epoxides were treated with aniline, the 
authors attributed this behavior to the steric hindrance at the β-position of epoxide 
substrates (Scheme 4.4).  
Similarly in 2008, Feng et al.11 published desymmetrization of meso-epoxides 
with aromatic amines catalyzed by indium complex of a proline based N,N’-dioxide 
ligand. The ligand and solvent screening revealed L-12 and THF were the most suitable  
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Scheme 4.5. Desymmetrization of meso-epoxides with aromatic amines catalyzed by 
indium complex of L-12. 
 
ligand and the solvent for the addition reaction respectively, obtaining the product 
in 99% yield and 91% enantioselectivity. The reaction also had excellent substrate scope, 
for example, aniline bearing electron-donation and electron-withdrawing substituents 
showed excellent reactivity and selectivity. Differently substituted stilbene oxides also 
achieved the products in excellent yields and enantioselectivities. However aliphatic 
epoxides such as cyclohexene oxides obtained the products with low asymmetric 
induction (Scheme 4.5).  
4.2.2. Oxygen Centered Nucleophiles  
After successfully implementing a chromium salen catalyst for desymmetrization 
of meso-epoxides with TMS-azide, Jacobsen12 discovered the epoxide ring opening with 
benzoic acid catalyzed by a cobalt salen complex. During the reaction optimization, an 
additive such as (i-Pr)2NEt was found to improve the yield and the enantioselectivity of  
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Scheme 4.6. Desymmetrization of meso-epoxides with benzoic acid 
 
ring opened product. The reaction obtained the chiral 1,2 diol mono-esters in 
excellent yields and asymmetric induction for stilbene-derived epoxides, while moderate 
ee’s were observed for six membered epoxides. The desymmetrization reaction was 
sluggish in anaerobic conditions achieving the products in low yields and ee’s, with these 
findings, the authors theorized that the active catalyst would be an oxidized Co(III) 
benzoate species formed in situ by air oxidation (Scheme 4.6).12  
In regards to one of the most prominent applications of the epoxide ring-opening 
reaction with oxygen nucleophiles, Jacobsen and coworkers reported kinetic resolution of 
terminal epoxides with water catalyzed by cobalt salen catalyst.  Both chiral 1,2 diols, 
and chiral epoxides are valuable building blocks for organic synthesis, and the hydrolytic 
kinetic resolution (HRK) process provided access to these intermediate in excellent yield 
and high enantiomeric excess. The number of terminal alkyl epoxides underwent HKR  
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Scheme 4.7.  Hydrolytic kinetic resolution (HRK) catalyzed by (S,S)-16!(OAc) 
with excellent yields and enantioselectivities. The reaction was performed neat, and for 
most examples less than 1 mol % cobalt salen catalyst was required for excellent 
selectivity, additionally the catalyst was recycled up to 3 times without loss in activity or 
selectivity (Scheme 4.7).13 
However, the desymmetrization of meso-epoxides with water using cobalt salen 
catalyst met with limited success.  In order to overcome the limitations, Jacobsen and 
coworkers 14 synthesized a series of cyclic oligomeric Co(salen) catalysts, the trimeric 
cobalt salen catalyst was found to the most effective for hydrolysis of cyclohexene oxide 
obtaining the products in 95% enantioselectivity.  
In other examples of oxygen-centered nucleophiles, Ready et al.15 reported kinetic 
resolution of terminal epoxides using phenols with excellent reactivity and selectivity. 
Soon after, Shibasaki16 reported catalytic enantioselective meso-epoxide ring opening 
with phenols promoted by a gallium hetero-bimetallic multifunctional complexes. The 
authors used a gallium lithium complex ligated with novel oxygen linked-BINOL ligands  
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Scheme 4.8. Enantioselective meso-epoxide ring opening with phenols catalyzed by 
complex-22 
 
for desymmetrization reaction (complex-22). Differently substituted five and six 
membered epoxides as well as cyclic epoxides were excellent substrates for the ring 
opening reaction obtaining the products in high yields and enantioselectivities. Open 
chain epoxides such as 2,3-epoxybutane obtained the products in 91% ee, while seven 
membered epoxides obtained the product with moderate enantioselectivity (Scheme 4.8).  
4.2.3. Carbon Centered Nucleophiles  
 Construction of carbon-carbon bond is a one of the most desirable reactions in 
organic synthesis. Epoxide ring opening with carbon nucleophiles is an attractive way to 
construct C-C bonds however compatibility and reactivity issues of nucleophiles and 
catalysts plague this strategy. Nevertheless, considerable progress has been made in this 
field in last two decades. Snapper and Hoveyda17 reported the first example of epoxide 
ring opening with TMSCN with notable success using titanium ligated with dipeptide 
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Schiff base. Using solid phase synthesis numbers of dipeptide Schiff bases were 
synthesized and screened, ligand 26 was found to be the optimal ligand for the reactivity  
 
Scheme 4.9. Epoxide ring opening with TMSCN catalyzed by titanium ligated with 26 
 
 
Scheme 4.10. Desymmetrization of meso-epoxides with TMSCN catalyzed by (pybox) 
lanthanide complex. 
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and selectivity obtaining the products in high yield and moderate selectivity (Scheme 
4.9). In 2000, Schaus et al.18 published desymmetrization of meso-epoxides with TMSCN 
catalyzed by (pybox) lanthanide complexes. The reaction utilized yetterbium pybox metal 
complex as a catalyst, and the addition products were obtained in high to excellent 
asymmetric induction. However, from practical standpoint, the reaction is not an ideal as 
lower temperatures over longer period of time are required to attain the observed 
selectivity (Scheme 4.10).  
Oguani et al.19 reported the first example of meso-epoxides ring opening by a Sp2 
hybridized carbon nucleophile phenyl lithium with good asymmetric induction using 
lithium complex of chiral Schiffs ligand. Similarly, Cozzi and Umani-Rochi20 reported 
desymmetrization of meso-epoxide with indole catalyzed by a chromium salen complex.  
Differently substituted meso-stilbene oxides were excellent substrates for indole addition 
obtaining the products in excellent yield and enantioselectivities. The paper also 
described kinetic resolution cis and trans aromatic epoxides with excellent selectivity 
(Scheme 4.11).  
 
Scheme 4.11. Meso-epoxide ring-opening with indoles catalyzed by chromium salen 
complex 
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4.2.4. Halide Nucleophiles 
Vicinal halohydrins are important building blocks for synthesis of many 
biologically active molecules and are also important intermediates in organic synthesis.  
 
Scheme 4.12. Chiral halohydrin synthesis catalyzed by zirconium ligated with L-1 
 
Nugent21 reported the first enantioselective synthesis of halohydrin catalyzed by 
zirconium complex with trialkanolamine ligand. The authors proposed that active 
zirconium bromide species was formed in situ by treatment of zirconium-azide with 
excess of allyl bromide. While the zirconium-azide intermediate was generated by 
treatment of zirconium catalyst with TMS-azide. Cyclic meso-epoxides with different 
ring sizes as well as acyclic epoxides obtained the β-bromohydrins in excellent yields and 
enantioselectivities (Scheme 4.12).  
In the same year, Denmark22 reported the catalytic enantioselective ring opening 
of epoxides with SiCl4 catalyzed by chiral phosphoramide. For cyclic meso-epoxide low 
to moderate ee`s were obtained (7 to 52%), while 87% enantioselectivity was achieved 
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for the acyclic cis–stilbene oxide substrates. The authors proposed a working hypothesis 
where SnCl4 was activated by phosphoramide catalyst generating highly reactive chloride 
ion. The epoxide was activated by coordination to the silicon/phosphorus cation followed 
by attack of the chloride ion in a SN2 fashion.  
 
Scheme 4.13. Pyridine N-oxide catalyzed epoxide ring opening with SiCl4 
 
Similarly, Tao et al.23 used a novel planar-chiral pyridine N-oxide catalyst for 
epoxide ring opening with SiCl4. Meso-stilbene oxide derivatives were excellent 
substrates achieving the products in excellent yields and asymmetric induction; 
nonetheless aliphatic open chain epoxides were opened with low selectivity. During the 
catalyst screening, it was evident that bulky substituents on the cyclopentadiene (cp) ring 
were necessary to achieve higher levels of enantioselectivity for halohydrin products 
(Scheme 4.13).  
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Recently Ready24 reported asymmetric ring opening of meso-epoxides catalyzed a 
novel allene-containing bisphosphine oxides. Mostly stilbene-derived epoxides with 
electron donating and electron withdrawing groups at the meta and para positions were 
well tolerated. On the contrary, ortho-substituted epoxides were unreactive, similarly 
cyclic, and bicyclic epoxides reacted with excellent yield but lower asymmetric induction 
was achieved in the resulting products (Scheme 4.14).  
 
Scheme 4.14. Desymmetrization meso-epoxides catalyzed by allene-containing 
phosphine oxides 
 
4.2.5. Sulfur Nucleophiles 
Yamashita2 first reported desymmetrization of meso-epoxide with a thiol 
nucleophile catalyzed by transition metal tartarate complexes, however variable 
enantioselectivities were achieved for β-hydroxy substrates. The major breakthrough in 
terms of thiol addition to imine was achieved by lida et al.25  when they reported a highly 
enantioselective ring-opening of epoxides with thiols catalyzed a hetero-bimetallic 
catalyst. The reaction tolerated differently substituted five and six membered meso-
epoxides affording the products in excellent yields and asymmetric induction. The 
gallium metal of gallium lithium BINOL complex was proposed to act as a Lewis acid 
activating the epoxide substrate, while the lithium binapthoxide moiety acting as a 
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Brønsted base generated the lithium thiolate species responsible for nucleophilic addition.  
However, the scope of the reaction was limited to only tert-butyl 
 
Scheme 4.15. Enantioselective ring-opening of epoxides with thiols catalyzed by 
complex-(R)-45 
 
thiol as other nucleophiles such as benzyl thiols were incompatible with the catalyst due 
to undesirable ligand exchange with the metal center (Scheme 4.15).  
In 2007 Schneider26 reported a highly enantioselective thiolysis of meso-epoxides 
catalyzed by indium-bipyridine complex. A wide range of stilbene oxide derivatives were 
ring opened with excellent yields and enantioselectivities, in terms of thiols, aliphatic and 
aromatic thiols were excellent nucleophiles obtaining the products in excellent 
selectivities, although this methodology was only limited to aromatic meso-epoxides 
(Scheme 4.16).  
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Scheme 4.16. Enantioselective thiolysis of meso-epoxides catalyzed by indium 
bipyridine (L-49) 
 
Recently Sun et al.27 reported enantioselective ring opening of meso-epoxide with 
aromatic thiols catalyzed by hetero-bimetallic Ti-Ga-salen complex. The reaction gave 
moderate to good enantioselectivities for cyclic six and five membered epoxides, and 
lower ee were obtained for acyclic epoxides substrate. Overall ee’s obtained by the Ga-
Ti-salen catalyzed ARO were unsatisfactory and lower temperature was required for the 
observed selectivity (Scheme 4.17).  
To date, existing catalytic systems are unable to achieve higher levels of 
asymmetric induction for ARO of cyclic meso-epoxides with thiols. Therefore, 
developing a new catalytic system for such a transformation is highly desired.  
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Scheme 4.17. Desymmetrization of meso-epoxide with aromatic thiols catalyzed by 
complex-53 
 
4.3. Alkali and Alkaline Earth BINOL/VAPOL Phosphate 
Since the 1990’s BINOL phosphates were occasionally used as ligands primarily 
for rare earth28 and transition metals29 in asymmetric catalysis. In the last decade, 
BINOL/VAPOL based phosphoric acids have emerged as a new class of 
organocatalysts.30 Succeeding Ishihara’s recent findings of calcium phosphate as a ‘real 
catalyst’ for the addition of 1,3-dicarbonyl compounds to imines, BINOL/VAPOL 
phosphates metal complexes have attracted considerable attention.31 Since then, alkali 
and alkaline earth metal complexes of BINOL/VAPOL phosphates were shown to 
catalyze a number of reactions involving imines,32 oxindoles,33 trifluoropyruvates,34 β,γ,-
unsaturated α-ketoesters,35 enamides,36 and enecarbamates.37 There are only few reports 
on phosphate metal complex catalyzed aldehyde28 and ketone activation,38 while no 
examples of epoxide activation towards nucleophilic addition are known in the literature.  
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4.4. Lithium BINOL Phosphate Catalyzed Desymmetrizaton of meso-Epoxides 
with Thiols   
In an ongoing effort to attain activation of new electrophiles by phosphate metal 
complexes, we hypothesized the phosphate bound Lewis acidic metal center could 
activate epoxides toward nucleophilic addition generating 1,2 chiral functionalized 
compounds. Herein we report the first example of highly enantioselective ring opening of 
meso-epoxide with thiols catalyzed by lithium BINOL phosphate. As discussed in chapter 
1, Ishihara38 reported the only other example of lithium phosphate catalyst for 
hydrocynation of ketones, although with lower selectivity.  
  We began our investigation by screening alkali, alkaline earth and 
transition metal BINOL phosphates for desymmetrization of cyclohexene oxide with 
thiophenol (Table 4.1). Strontium BINOL phosphate yielded moderate epoxide ring 
opened product with no enantioselectivity (entry 1). Sterically hindered zinc BINOL 
phosphate catalyst afforded good yield, albeit with poor asymmetric induction (entry 2 
and 3). We observed excellent yield and moderate asymmetric induction with a lithium 
complex of 9-anthryl and TRIP BINOL phosphate (entry 4 and 5). Increasing the catalyst 
loading to 20 mol % resulted in higher asymmetric induction (entry 6). To our surprise, a 
60% ee was observed with zinc BINOL phosphate (entry 7). The marked improvement in 
the enantioselectivity was attained when distilled epoxide and molecular sieves were 
used, indicating that the residual water has deleterious effect on the enantioselectivity 
(entry 8). A lithium complex of H8TRIP BINOL phosphate (P60) and p-xylene was found 
to be the most suitable catalyst and solvent, respectively (entry 10). Decreasing the 
catalyst loading to 10 mol % resulted in a minimal drop in yield and enantioselectivity  
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Table 4.1. Reaction condition optimization for catalytic desymmetrization of 
cyclohexene oxide with thiophenol 
 
 
O + PhSH
SPh
OH
(0.1M) solvent, 36 h, RT
catalyst (10 mol %)
catalyst yield (%)b ee (%)c
46
78 20
solvent
toluene
toluene
Zn(P58)2 toluene
Zn(P57)2 toluene 88
0
4
8
80
toluene 0 0
Li(OiPr) toluene 95 0
H(P57)
Sr(P57)
Li(P58)
entrya
Li(P57) 90 40toluene
toluene 92 83d, eLi(P57)
87eLi(P60) 82
p-xylene 97 91d,eLi(P60)
p-xylene
Li(P57) 90 60dtoluene
toluene 93 88d,eLi(P60)
Zn(P59)2 toluene 93 60d
1
2
3
4
5
6
7
8
9
10
11
12
13
O
O
P
O
O
R
R
M(P57)n   (R = 2,4,6 -i-pr3C6H2, 
                M = H, Ti, Sr, Li, Zn) 
M(P58)n   (R = 9-anthryl, M = Li, Zn) 
M(P59)2    (R = H, M = Zn)
M
n
O
O
P
R
R
 Li(P60)  (R = 2,4,6 -i-pr3C6H2)
O
O
Li
61a 62a 63a
aGeneral conditions: 1.0 equiv of epoxide and 1.2 equiv of thiol was 
used. b Isolated yields. c Enantioselectivity was determined using 
chiral HPLC.d 20 mol% catalyst was used. e4Å sieves were used
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(entry 11). In the control experiment, phosphoric acid did not result in any product 
formation (entry 12), while racemic β-hydroxyl sulfide was obtained in excellent yield 
when Li(OiPr) was used as a catalyst for the ring opening reaction (entry 13).  
After establishing the optimal reaction conditions, we explored various epoxides 
for nucleophilic addition with thiols. The reaction was performed at 10 and 20 mol % 
catalyst loading; the results are summarized in (Table 4.2). Various six membered 
epoxides were found to be excellent substrates, resulting in good yields and excellent 
enantioselectivities (entry 1-3). Cycloheptene oxide produced the ring-opened product 
with good asymmetric induction, but only in moderate yield (entry 4). Cyclopentene 
oxide resulted in the β-Hydroxyl sulfide in excellent yield, but only moderate ee was 
observed (entry 5). We then explored the enantioselective ring opening of both cis and 
trans-1,4-cyclohexadiene dioxide. The trans-1,4-cyclohxadiene dioxide exclusively gave 
1,3 ring open product with extremely good enantioselectivity when 2 equiv of thiophenol 
was used (entry 6). Cis-1,4-cyclohexadiene dioxide achieved excellent yield and ee for 
mono ring opening product (entry 7). Lithium phosphate did not yield epoxide ring 
opening product with acyclic epoxides. Surprisingly, we observed excellent asymmetric 
induction and yield with just BINOL phosphate zinc complex for stilbene oxide 
desymmetrization with thiophenol (entry 8). Charette group reported only other example 
zinc phosphate catalyzed reaction where they achieved asymmetric cyclopropanation of 
alkenes.39 
Next, we explored the scope of thiol nucleophiles for the epoxide ring opening 
reaction. The reaction worked well with 10 mol % of catalyst loading. The results are  
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Table 4.2. Epoxide substrate scope for catalytic desymmetrization reaction with 
thiophenol  
 
O + PhSH
R
R
SPh
OH
p-xylene, 48 h, RT
4 Å sieves (40 mg)
product yield (%)a ee (%)b
SPh
OH
97c, 82d 91c, 88d
SPh
OH
SPh
OH
85c, 82d 96c, 94d
96c, 76d 88c, 87d
General conditions: 1.0 equiv of epoxide and 1.2 equiv of thiol was used.a Isolated yields. 
b Enantioselectivity was determined using chiral HPLC. c 20 mol % catalyst loading. d 10 
mol % catalyst loading.e Reaction was stirred for 96 h at rt. f Reaction conditions: Zn(P59)2 
(10 mol %), tolune, RT, 48 h.
Li (P60)
OH
SPh
45c,e 84c
OH
SPh
89c 75c
OH
SPh
HO
PhS
OH
SPh
O 86d 91d
67c 93c
entry
1
2
3
4
5
6
7
61 62a 63a-h
63a
63b
63c
63d
63e
63f
63g
Ph OH
SPhPh
8 98 87f
R
R
63h
! 147!
summarized in table 4.3.   Aromatic thiols with electron withdrawing groups 
produced β-hydroxy sulfides in excellent yield and asymmetric induction (64b and 64c). 
Thiols with  
Table 4.3. Catalytic ring opening of 4,5-epoxycyclohexene with thiol 
 
yield (%)b ee (%)c yield (%)b ee (%)cproducta producta
+ RSH
p-xylene, 48 h, rt
4 Å sieves (40 mg)
Li(P60) (10 mol %)
O
OH
SR
61b 62b-K 64b-K
OH
S
Cl
OH
S CF3
CF3
OH
S
OCH3
OH
S CH3
CH3
OH
S
t-butyl
OH
S
Me
Me
OH
S
OH
S
NH2
OH
S
O OCH3
OH
Se
64b
79 96
90
94
87
95
88d
95
92
96
67
88
90
90
96
91
95
94
96
94e
64c
64g
64h
64d 64i
64e 64j
64f 64k
a Reaction conditions: 1.0 equiv of epoxide and 1.2 equiv of thiol was used. b Isolated yields. c Enantioselectivity 
was determined using chiral HPLC.d The product was protected  with 3,4-dinitro benzoyl group for chiral HPLC 
analysis. e Reaction time 24 h
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electron donating substituents were also well tolerated, generating the ring opened 
product with excellent yield and enantioselectivity (64d - 64g).  Sterically hindered 
thiols, such as 2-napthylthiol, were also found to be excellent substrates, yielding the 
product with 94% ee (64h). We also examined thiols with heteroatom functional groups. 
2-amino thiophenol generated exclusively β-hydroxy sulfide in excellent yield and 
asymmetric induction (64i). Also, methyl thiosalicylate yielded the epoxide 
desymmetrization product in 96% ee (64j). These results indicate that heteroatom-
containing thiols are compatible with the lithium phosphate catalytic system.  
Chiral organo-selenium compounds are useful intermediates in many asymmetric 
transformations.27,40 Fortuitously, we were able to extend the lithium phosphate catalyzed 
epoxide ring opening methodology to selenophenol nucleophile, resulting chiral β-
arylseleno alcohol in excellent yield and 94% ee at ambient temperature (64k) (Table 
4.3), The literature methods for synthesis of chiral β-arylseleno alcohol needed lower 
reaction temperature to achieve similar levels of asymmetric induction. The absolute 
configuration of the product was confirmed by comparing 63a and 63h with reported 
literature values, and the configuration of the other compounds was analogously 
assigned.  
Desymmetrization of meso-epoxide catalyzed by lithium BINOL phosphate has a 
wide substrate scope in terms of aromatic thiols. Regrettably, when aliphatic thiols were 
employed we observed little to no product formation. We hypothesize that phosphate 
bound lithium metal act as a Lewis acid activating the epoxide, and the phosphonyl 
moiety behaves as a Brønsted basic site, activating thiophenol. We reason that aromatic 
thiols have lower pKa values relative to that of aliphatic thiols, and the phosphonyl 
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oxygen moiety of the lithium BINOL phosphate is better able to activate aromatic thiols 
for the epoxide ring opening reaction (Figure 4.1).  
 
Figure 4.1. Proposed transition state model for epoxide ring opening 
 
4.5. Conclusions 
Overall, we have developed a highly enantioselective method for 
desymmetrization of meso-epoxides using thiols. This is the first example of epoxide 
activation achieved using BINOL phosphate metal complex. Various five and six 
membered aliphatic cyclic meso-epoxides were excellent substrates for the 
desymmetrization reaction; aromatic acyclic epoxides also reacted with excellent yield 
and asymmetric induction. Similarly electron rich and electron deficient aromatic thiols 
obtained the β-hydroxyl sulfides in excellent yields and enantioselectivities.  
4.6. Experimental Section 
General Information: All reactions were carried out in flame-dried or oven-dried screw-
cap test tubes and were allowed to proceed under a dry argon atmosphere with magnetic 
stirring. Anhydrous p-xylene was purchased from Aldrich, other solvents (toluene and 
dichloromethane) were purified by passing through a column of activated alumina under 
O
O P O
O
Li O
H
S Ph
(S)
(S)
OH
SPh
observed enantiomer
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a dry argon atmosphere. Cyclohexene oxide 61a and 61h was purchased from 
commercially available sources. Epoxides 61b41, 61c42, 61d43, 61e43, 61f44, and 61g44 
were synthesized according to the literature procedures. Alkenes were purchased from 
commercial sources and used without further purification. Thiols were purchased from 
commercially available sources. Liquid thiols were distilled onto 4 Å molecular sieves 
directly before use. 2-Naphthalenethiol was purified by sublimation to a white solid. 
Chiral BINOL was purchased from commercial sources and used without further 
purification. Substituted BINOL phosphoric acids (R), P5745, P5846, P59, and P6047 were 
synthesized according to the known literature procedures. Thin layer chromatography 
was performed on Merck TLC plates (silica gel 60 F254). Flash column chromatography 
was performed with Merck silica gel (230-400 mesh). Enantiomeric excess (ee) was 
determined using a Varian Prostar HPLC with a 210 binary pump and a 335 diode array 
detector. Optical rotations were performed on a Rudolph Research Analytical Autopol IV 
polarimeter (λ 589) using a 700-µL cell with a path length of 1-dm. 1H NMR and 13C 
NMR were recorded on a Varian  Inova-400 spectrometer (400 MHz) with chemical 
shifts reported relative to tetramethylsilane (TMS). The HRMS data were measured on an 
Agilent 1100 LC/MS ESI/TOF mass spectrometer with electro-spray ionization. 
Compounds described in the literature were characterized by comparing their 1H NMR, 
13C NMR. 
General procedure for racemic reaction of thiophenol (62a) with epoxides (61a-h): 
To a flame-dried reaction tube with septa and stir bar was added epoxide, 61a-h (0.1 
mmol) and Li(OiPr) (20 mol%). The tube was evacuated and filled with argon. 
Anhydrous toluene (2.0 mL) and MeOH (0.5 mL) were added to the mixture, followed by 
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thiophenol, 62a (0.12 mmol) via syringe. The reaction was stirred at room temperature 
for 24 h. The crude product was purified directly by flash column chromatography 
(hexane: ethyl acetate = 5:1) to give the corresponding β-hydroxy sulfide product. The ee 
values of the products were determined by chiral HPLC analysis after the products were 
purified. 
General Procedure for phosphate metal complexes M(P57)n – M(P60)n:  Catalysts 
M(P57)n – M(P60)n (20 mol% or 10 mol%, M = Ti, Sr, Li, Zn) were prepared in situ for 
each individual desymmetrization of meso-epoxides by thiols. To a flame dried test tube 
was added P57 – P60 (20 mol% or 10 mol%) and Ti(OiPr)4 (10 mol%), or Sr(OtBu) (10 
mol%), or Li(OiPr) (20 mol%), or 10 mol%), or Zn(OMe)2 (10 mol%). 1 mL each  of 
CH2Cl2 and MeOH  was  added  and reaction mixture was stirred for 2 h. After removal 
of solvent, 1 mL of CH2Cl2 was added and then removed under reduced pressure to 
obtain the catalyst as a white solid.   
Li(P60) Characterization:  
1H NMR (400 MHz, (CD3)2SO) δ 7.01 (s, 2H), 6.92 (s, 2H), 6.70(s, 2H), 3.02 – 2.97 (m, 
1H), 2.89 – 2.78(m, 2H), 2.71 – 2.59(m, 4H), 2.14 - 2.05(m, 2H), 1.82 - 1.76(m, 5H), 
1.62 – 1.56(m, 2H), 1.29 – 1.07(m, 33H), 0.84-0.82 (m, 9H). 13C NMR (101 MHz, 
(CD3)2SO) δ 147.28, 146.42, 146.13, 134.34, 134.23, 134.15, 130.09, 129.04, 128.54, 
120.38, 119.14, 109.54, 33.66, 30.14, 29.67, 28.58, 27.08, 26.08, 24.48, 24.13, 24.10, 
23.57, 23.32, 22.64, 22.62. 31P NMR (162 MHz, CDCl3) δ 3.88 HRMS (MALDI) Calcd 
for C50H65LiO4P, (M+H]+ m/z = 767. 478, found = 767.636. (M+Na]+  m/z = 789. 478, 
found = 789.309. 
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Zn(P59)2 Characterization: 1H NMR (400 MHz, (CD3)2SO)  δ 8.03 (t, J = 8.0 Hz, 8H), 
7.49 – 7.44 (m, 8H), 7.32 (t, J = 8.0 Hz   4H), 7.23 (d, J = 8.0 Hz, 4H). 13C NMR (101 
MHz, (CD3)2SO) δ 149.52, 149.45, 131.84, 130.47, 129.93, 128.42, 124.67, 122.35, 
121.56, 121.55 31P NMR (162 MHz, CD3)2SO) δ 4.78 HRMS (MALDI) Calcd for 
C40H25O8P2Zn, (M+H]+ m/z = 759. 032, found = 759.346.  
General procedure for asymmetric reaction of thiophenol (62a) with epoxides (61a-
h): To a flame-dried reaction tube with septa and stir bar was added epoxide, 61a-g (0.1 
mmol), Li(P60) (20 or 10 mol %), and flame-dried 4Å molecular sieves (40.0 mg). The 
tube was evacuated and filled with argon. Anhydrous p-xylene (0.5 mL) was added to the 
mixture, followed by thiophenol, 62a (0.12 mmol) via syringe. The reaction was stirred at 
room temperature for 48 h. The crude product was purified directly by flash column 
chromatography (hexane: ethyl acetate = 5:1) to give the corresponding chiral β-hydroxy 
sulfide product. The ee values of the products were determined by chiral HPLC analysis 
after the products were purified.  
SPh
OH
 
2-(Phenylthio)cyclohexanol (63a)  
The reaction was performed according to the general procedure to obtain a 20.2 mg, 97% 
yield, 91% ee (20 mol% catalyst used), 17.1 mg, 82% yield, 88% ee (10 mol% catalyst 
used). HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 95/5, 0.5 mL/min), t r-major 21.00 
min, t r-minor 13.76 min. [α]20D = +56.2° (c = 1.55, CHCl3) for the product with 88% ee. 1H 
NMR (400 MHz, CDCl3) δ 7.47 – 7.42 (m, 2H), 7.31 – 7.26 (m, 3H), 3.31 (td, J = 10.0 
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Hz, J = 4.4 Hz, 1H), 2.97 (s, 1H), 2.76 (ddd, J = 11.8 Hz, J = 9.9 Hz, J = 4.0 Hz, 1H), 
2.13 – 2.05 (m, 2H), 1.72 – 1.65 (m, 2H), 1.33 – 1.21 (m, 4H).13C NMR (101 MHz, 
CDCl3) δ 133.95, 132.79, 129.09, 127.93, 72.24, 56.69, 34.01, 32.89, 26.35, 24.48. 
HRMS (ESI) calcd for C12H16OS ([M+Na]+) m/z 231.0814, found 231.0818. [M+H-
H2O]+, found m/z 191.0888. 
 
SPh
OH
 
6-(Phenylthio)cyclohex-3-enol (63b) 
The reaction was performed according to the general procedure to obtain a 17.5 mg, 85% 
yield, 96% ee (20 mol% catalyst used) 16.9 mg, 82% yield, 94% ee (10 mol% catalyst 
used). HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 7.93 
min, t r-minor 6.47 min. [α]20D = +132.5° (c = 0.84, CHCl3) for the product with 96% ee. 1H 
NMR (400 MHz, CDCl3) δ 7.37 – 7.34 (m, 2H), 7.19 – 7.11 (m, 3H), 5.47 – 5.40 (m, 
2H), 3.63 – 3.57 (m, 1H), 3.20 (d, J = 2.4 Hz, 1H), 3.06 (td, J = 10.0 Hz, J = 5.6 Hz, 1H), 
2.50 – 2.38 (m, 2H), 2.10 – 1.98 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 133.16, 132.85, 
128.91, 127.55, 125.30, 124.47, 68.64, 51.49, 33.18, 31.77. HRMS (ESI) calcd for 
C12H14OS ([M+H]+) m/z 207.0838, found 207.0841. ([M+Na]+) m/z 229.0658, found 
229.0651. 
 
SPh
OH
 
1,2,3,4-Tetrahydro-3-(phenylthio)naphthalen-2-ol (63c) 
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The reaction was performed according to the general procedure to obtain a 24.6 mg, 96% 
yield, 88% ee (20 mol% catalyst used), 19.5 mg, 76% yield, 87% ee (10 mol% catalyst 
used). HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 
10.09 min, t r-minor 8.68 min. [α]20D = +87.0° (c = 1.41, CHCl3) for the product with 88% 
ee. 1H NMR (400 MHz, CDCl3) δ 7.55 (dd, J = 7.9 Hz, J = 1.5 Hz, 2H), 7.37 – 7.29 (m, 
3H), 7.15 – 7.09 (m, 3H), 7.06 – 7.03 (m, 1H), 3.90 (td, J = 9.2 Hz, J = 6.0 Hz, 1H), 3.37 
– 3.25 (m, 3H), 3.20 (s, 1H), 2.94 – 2.87 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 134.55, 
133.95, 133.67, 132.34, 129.21, 129.20, 128.35, 128.04, 126.44, 126.33, 69.15, 52.29, 
37.10, 35.42. HRMS (ESI) calcd for C16H16OS ([M+Na]+) m/z 279.0814, found 
279.0834. [M+H-H2O]+, m/z 239.0893  
OH
SPh  
2-(Phenylthio)cycloheptanol (63d)   
The reaction was performed according to the general procedure to obtain a 10.0 mg, 45% 
yield, 84% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 7.37 min, t r-minor 5.03 min. [α]20D = +34.7° (c = 0.63, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.38 – 7.35 (m, 2H), 7.25 – 7.16 (m, 3H), 3.49 (td, J = 9.2 Hz, 3.6 Hz, 1H), 
2.94 (td, J = 9.6 Hz, J = 3.2 Hz, 1H), 2.83 (s, 1H), 2.02 – 1.95 (m, 1H), 1.92 – 1.85 (m, 
1H), 1.68 – 1.47 (m, 5H), 1.42 – 1.33 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 133.85, 
132.83, 129.11, 127.55, 74.77, 59.08, 33.75, 32.00, 27.76, 25.99, 22.13. HRMS (ESI) 
calcd for C13H18OS ([M+H]+) m/z 223.1151, found 223.1141.  ([M+Na]+) m/z 245.0971, 
found 245.0974. 
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OH
SPh  
2-(Phenylthio)cyclopentanol (63e)  
The reaction was performed according to the general procedure to obtain a 17.3 mg, 89% 
yield, 75% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 95/5, 1.0 mL/min), t r-
major 13.00 min, t r-minor 8.03 min. [α]20D = +13.8° (c = 0.78, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.31 (d, J = 7.6 Hz, 2H), 7.19 (t, J = 8.0 Hz, 2H), 7.11 (t, J = 8.0 Hz, 1H), 4.01 
(d, J = 4.8 Hz, 1H), 3.31 (dd, J = 12.0 Hz, J = 8.0 Hz, 1H), 2.23 (s, 1H), 2.20 – 2.11 (m, 
1H), 2.00 – 1.92 (m, 1H), 1.73 – 1.59 (m, 2H), 1.55 – 1.48 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 135.83, 130.72, 129.06, 126.61, 78.55, 54.02, 33.30, 31.07, 21.97. HRMS (ESI) 
calcd for C11H14OS ([M+Na]+) m/z 217.0658, found 217.0661. [M+H-H2O]+, m/z 
177.0737. 
 
 
OH
SPh
HO
PhS  
4,6-Bis(phenylthio)cyclohexane-1,3-diol (63f) 
The reaction was performed according to the general procedure to obtain a 22.3 mg, 67% 
yield, 93% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 85/15, 1.0 mL/min), t r-
major 13.20 min, t r-minor 8.07 min. [α]20D = +60.5° (c = 0.47, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.39 – 7.37 (m, 4H), 7.29 – 7.26 (m, 6H), 3.95 (dd, J = 11.6 Hz, J = 5.6 Hz, 
2H), 3.34 (dd, J = 12.0 Hz, J = 6.0 Hz 2H), 2.16 (t, J = 5.6 Hz, 3H), 2.08 (t, J = 5.6 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 133.50, 132.77, 129.33, 127.81, 68.96, 51.07, 36.18, 
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31.81. HRMS (ESI) calcd for C18H20O2S2 ([M+Na]+) m/z 355.0797, found 355.0809. 
[M+H-H2O]+, m/z 315.0880 
 
OH
SPh
O
 
4-(Phenylthio)-epoxycyclohexan-5-ol (63g) 
The reaction was performed according to the general procedure to obtain a 19.1 mg, 86% 
yield, 91% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 85/15, 1.0 mL/min), t r-
major 7.91 min, t r-minor 7.12 min. [α]20D = +66.4° (c = 1.72, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.43 – 7.40 (m, 2H), 7.31 – 7.26 (m, 3H), 3.51 – 3.44 (m, 1H), 3.19 – 3.11 (m, 
4H), 2.57 (dd, J = 15.6 Hz, J = 5.2 Hz, 1H), 2.45 (ddd, J = 15.6 Hz, J = 6.0 Hz, J = 3.8 
Hz, 1H), 2.01 (dd, J = 15.6 Hz, J  = 7.6 Hz, 1H), 1.89 (ddd, J = 15.6 Hz, J = 8.7 Hz, J = 
2.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 133.40, 132.36, 129.29, 128.09, 67.67, 
52.51, 51.82, 47.50, 30.61, 29.75. HRMS (ESI) calcd for C12H14O2S ([M+H]+) m/z 
223.0787, found 223.0793. [M+H-H2O]+, m/z 205.0685. 
 
 
1,2-diphenyl-2-(phenylthio)ethanol (63h): The reaction was performed according to the 
general procedure to obtain a 30.0 mg, 98% yield, 87% ee. HPLC analysis: Chiralcel OD-
H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-major 13.96 min, t r-minor 10.23 min. 1H NMR 
(400 MHz, CDCl3) δ 7.30 – 7.27 (m, 2H), 7.20 – 7.12 (m, 11H), 7.03 – 7.01 (m, 2H), 
4.93 (1H, J = 8.0 Hz d), 4.35 (d, J = 8.0 Hz, 1H), 3.31 (s, 1H). 13C NMR (101 MHz, 
Ph OH
SPhPh
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CDCl3) δ 140.58, 139.40, 134.33, 132.57, 129.06, 128.74, 128.30, 128.16, 127.96, 
127.62, 127.45, 127.07, 77.06, 64.13. HRMS (ESI) calcd for C20H18OSNa ([M+Na]+) 
m/z 329.0971, found 329.0967. [M+H-H2O]+, m/z 289.1046. 
General procedure for reaction of thiols (62b-k) with 1,4-cyclohexadiene oxide 
(62a): To a flame-dried reaction tube with septa and stir bar was added epoxide, 62a (0.1 
mmol) and Li(P60) (10 mol %) and flame-dried 4Å molecular sieves (40.0 mg). The tube 
was evacuated and filled with argon. Anhydrous p-xylene (0.5 mL) was added to the 
mixture, followed by thiophenol, 62a (0.12 mmol) via syringe. The reaction was stirred at 
room temperature for 48 h. The crude product was purified directly by flash column 
chromatography (hexane: ethyl acetate = 5:1) to give the corresponding chiral β-hydroxy 
sulfide product. The ee values of the products were determined by chiral HPLC analysis 
after the products were purified. 
 
OH
S
Cl
 
6-(2-Chlorophenylthio)cyclohex-3-enol (64b)  
The reaction was performed according to the general procedure to obtain a 19.0 mg, 79% 
yield, 97% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 14.73 min, t r-minor 7.85 min. [α]20D = +91.7° (c = 0.71, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.55 – 7.53 (m, 1H), 7.41 – 7.39 (m, 1H), 7.21 – 7.17 (m, 2H), 5.59 – 5.57 (m, 
2H), 3.81 – 3.75 (m, 1H), 3.28 (td, J = 10.0 Hz, J = 5.6 Hz, 1H), 2.82 (s, 1H), 2.64 – 2.56 
(m, 2H), 2.25 – 2.10 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 136.83, 133.90, 133.30, 
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130.24, 128.70, 127.41, 125.40, 124.82, 69.77, 51.61, 33.41, 32.03. HRMS (ESI) calcd 
for C12H13ClOS ([M+H]+) m/z 241.0448, found 241.0448. ([M+Na+) m/z 263.0268, 
Found 263.0270 
 
OH
S
CF3
CF3
 
6-(3,5-Bis(trifluoromethyl)phenylthio)cyclohex-3-enol (64c) 
The reaction was performed according to the general procedure to obtain a 30.8 mg, 90% 
yield, 88% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 23.19 min, t r-minor 19.01 min. [α]20D = +30.3° (c = 1.22, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.86 (s, 2H), 7.68 (s, 1H), 5.63 – 5.55 (m, 2H), 3.82 – 3.77 (m, 1H), 3.34 (td, J 
= 9.6 Hz, J = 5.6 Hz, 1H), 2.69 (s, 1H), 2.62 – 2.57 (m, 2H), 2.25 – 2.14 (m, 2H). 13C 
NMR (101 MHz, CDCl3) δ 138.80, 132.37 (q, 2JC-F = 33.3 Hz) 132.54 (s), 130.90, (m, for 
a carbon orthro to both CF3 groups), 125.01, 124.90, 123.17 (q, 1JC-F = 272.6 Hz), 120.70 
(q, 3JC-F = 4.0 Hz). HRMS (ESI) calcd for C14H12F6OS [M+H-H2O]+  m/z 325.0480, 
found 325.0486. 
 
OH
S
OCH3  
6-(4-Methoxyphenylthio)cyclohex-3-enol (64d)   
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The reaction was performed according to the general procedure to obtain a 22.2 mg, 94% 
yield, 95% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 98/2 0.5 mL/min), t r-
major 29.51 min, t r-minor 27.17 min. [α]20D = +144.6° (c = 1.37, CHCl3). 1H NMR (400 
MHz, CDCl3) δ 7.41 – 7.38 (m, 2H), 6.83 – 6.79 (m, 2H), 5.52 – 5.48 (m, 2H), 3.75 (s, 
3H), 3.58 (m,1H), 3.23 (s, 1H), 2.92 (td, J = 10.4 Hz, J = 5.6 Hz, 1H), 2.56 – 2.40 (m, 
2H), 2.12 – 2.03 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 160.12, 136.90, 125.64, 124.55, 
121.70, 114.66, 68.17, 55.43, 52.50, 33.40, 31.69. HRMS (ESI) calcd for C13H16O2S 
([M+Na]+) m/z 259.0763, found 259.0759. [M+H-H2O]+  m/z 219.0838, found 219.0839. 
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6-(3,5-Dimethylphenylthio)cyclohex-3-enol (64e)  
The reaction was performed according to the general procedure to obtain a 10.1 mg, 87% 
yield, 92% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 6.43 min, t r-minor 5.40 min. [α]20D = +85.6° (c = 0.44, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.09 (s, 2H), 6.89 (s, 1H), 5.55 (s, 2H), 3.68 (dd, J = 12.0 Hz, J = 8.0 Hz, 1H), 
3.14 – 3.08 (m, 2H), 2.60 – 2.50 (m, 2H), 2.28 (s, 6H), 2.19 – 2.11 (m, 2H). 13C NMR 
(101 MHz, CDCl3) δ 138.75, 132.07, 131.24, 129.80, 125.66, 124.66, 68.89, 52.07, 
33.34, 32.18, 21.32. HRMS (ESI) calcd for C14H18OS ([M+Na]+) m/z 257.0971, found 
257.0968. [M+H-H2O]+, m/z 217.1044 
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6-(4-Tert-butylphenylthio)cyclohex-3-enol (64f) 
The reaction was performed according to the general procedure to obtain a 24.9 mg, 95% 
yield, 96% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 5.83 min, t r-minor 6.49 min. [α]20D = +107.5° (c = 1.72, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.42 – 7.39 (m, 2H), 7.32 – 7.29 (m, 2H), 5.55 – 5.54 (m, 2H), 3.69 – 3.63 (m, 
1H), 3.10 – 3.03 (m, 2H), 2.60 – 2.48 (m, 2H), 2.20 – 2.08 (m, 2H), 1.34 – 1.24 (m, 9H). 
13C NMR (101 MHz, CDCl3) δ 151.43, 133.94, 128.73, 126.25, 125.73, 124.73, 68.76, 
52.38, 34.78, 33.43, 32.16, 31.43. HRMS (ESI) calcd for C16H22OS ([M+H]+) m/z 
263.1464, found 263.1464. ([M+Na]+) m/z 285.1284, found 285.1285. 
 
OH
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6-(4-Isopropylphenylthio)cyclohex-3-enol (64g) 
The reaction was performed according to the general procedure to obtain a 16.6 mg, 67% 
yield, 91% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 96/4, 0.5 mL/min), t r-
major 16.73 min, t r-minor 17.79 min. [α]20D = +110.8° (c = 0.83, CHCl3). 1H NMR (400 
MHz, CDCl3) δ 7.40 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 5.53 (s, 2H), 3.68 – 
3.62 (m, 1H), 3.12 (bs, 1H), 3.06 (td, J = 10.4 Hz, J = 5.6 Hz, 1H), 2.90 – 2.83 (m, 1H), 
! 161!
2.59 – 2.48 (m, 2H), 2.19 – 2.07 (m, 2H), 1.21 (d, J = 6.8 Hz, 9H).  13C NMR (101 MHz, 
CDCl3) δ 149.16, 134.32, 128.91, 127.33, 125.70, 124.69, 68.68, 52.38, 33.94, 33.41, 
32.06, 24.03  HRMS (ESI) calcd for C15H20OS ([M+Na]+) m/z 271.1127, found 
271.1124. [M+H-H2O]+, m/z 231.1198 
OH
S
 
6-(Naphthalen-3-ylthio)cyclohex-3-enol (64h) 
The reaction was performed according to the general procedure to obtain a 22.6 mg, 88% 
yield, 94% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 8.31 min, t r-minor 9.87 min. [α]20D = +101.1° (c = 1.14, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.98 (d, J = 2.0 Hz, 1H), 7.81 – 7.75 (m, 3H), 7.54 – 7.44 (m, 3H), 5.59 – 5.52 
(m, 2H), 3.77 (td, J = 8.8 Hz, J = 5.6 Hz, 1H), 3.27 (td, J = 10.0 Hz, J = 5.6 Hz, 1H), 3.10 
(s, 1H), 2.64 – 2.56 (m, 2H), 2.26 – 2.13 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 133.70, 
132.65, 132.38, 130.61, 130.21, 128.68, 127.82, 127.60, 126.77, 126.57, 125.53, 124.68, 
68.99, 52.07, 33.40, 32.10. HRMS (ESI) calcd for C16H16OS ([M+H]+) m/z 257.0995, 
found 257.0989. ([M+Na]+) m/z 279.0814, found 279.0823. 
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6-(2-Aminophenylthio)cyclohex-3-enol (64i) 
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The reaction was performed according to the general procedure to obtain a 19.9 mg, 90% 
yield, 94% ee. HPLC analysis: Chiralcel AD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 23.09 min, t r-minor 16.05 min. [α]20D = +166.7° (c = 1.25, CHCl3). 1H NMR (400 
MHz, CDCl3) δ 7.38 (dd, J = 7.6, 1.6 Hz, 1H), 7.14 (td, J = 8.8 Hz, J = 1.6 Hz, 1H), 6.75 
- 6.68 (m, 2H), 5.52 (s, 2H), 4.43 (bs, 2H), 3.59 (td, J = 10.0 Hz, J = 6.0 Hz, 1H), 2.96 
(td, J = 10.0 Hz, J = 5.2 Hz, 1H), 2.53 – 2.48 (m, 2H), 2.24 – 2.02 (m, 2H). 13C NMR 
(101 MHz, CDCl3) δ 149.35, 138.27, 130.79, 125.67, 124.80, 119.38, 115.79, 155.47, 
69.19, 52.79, 33.87, 32.37 HRMS (ESI) calcd for C12H15NOS ([M+H]+) m/z 222.0947, 
found 222.0949 
 
OH
S
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Methyl 2-(6-hydroxycyclohex-3-enylthio)benzoate (64j) 
The reaction was performed according to the general procedure to obtain a 21.4 mg, 90% 
yield, 97% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 85/15, 1.0 mL/min), t r-
major 13.60 min, t r-minor 8.65 min. [α]20D = +36.2° (c = 2.05, CHCl3). 1H NMR (400 MHz, 
CDCl3) δ 7.79 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.41 (td, J = 7.7 
Hz, J = 1.6 Hz, 1H), 7.21 (dd, J = 7.6, 1.0 Hz, 1H), 5.63 – 5.55 (m, 2H), 3.91 (s, 3H), 
3.82 (td, J = 9.2 Hz, J = 5.6 Hz, 1H), 3.39 – 3.32 (m, 2H), 2.66 – 2.55 (m, 2H), 2.30 – 
2.10 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 167.98, 137.94, 132.20, 131.45, 131.12, 
130.82, 126.06, 125.44, 125.07, 70.47, 52.61, 51.62, 33.61, 32.58. HRMS (ESI) calcd for 
C14H16O3S ([M+Na]+) m/z 265.0893, found 265.0892. 
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6-(phenylselanyl)cyclohex-3-enol (64k) 
The reaction was performed according to the general procedure to obtain a 24.2 mg, 96% 
yield, 94% ee. HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 90/10, 1.0 mL/min), t r-
major 6.96 min, t r-minor 5.96 min.1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.0 Hz, 2H), 
7.31 – 7. 24 (m, 3H), 5.58- 5.49 (m, 2H),  3.72- 3.66 (m, 1H)3.24 ( td, J = 5.6 Hz, J =  10. 
4Hz, 1H),  3.06 (s, 1H), 2.63- 2.54 (m, 2H), 2.29 – 2.09 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 135.93, 129.22, 128.27, 126.78, 126.03, 124.82, 68.84, 48.99, 33.31, 32.70 
4.7. References Cited  
(1) (a) Nielsen, L. P. C.; Jacobsen, E. N. In Aziridines and Epoxides in Organic 
Synthesis; Wiley-VCH Verlag GmbH & Co. KGaA: 2006, p 229. (b) Pineschi, M. 
Eur. J. Org. Chem. 2006, 2006, 4979. (c) Pastor, I. M.; Yus, M. Curr. Org. Chem. 
2005, 9, 1. 
(2) Yamashita, H. Bull.Chem. Soc. Jpn. 1988, 61, 1213. 
(3) Hayashi, M.; Kohmura, K.; Oguni, N. Synlett 1991, 1991, 774. 
(4) Nugent, W. A. J. Am. Chem. Soc. 1992, 114, 2768. 
(5) Martinez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, E. N. J. Am. Chem. Soc. 
1995, 117, 5897. 
OH
Se
! 164!
(6) (a) Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R.; Deng, L. J. Am. Chem. Soc. 
1991, 113, 7063. (b) Sasaki, H.; Irie, R.; Hamada, T.; Suzuki, K.; Katsuki, T. 
Tetrahedron 1994, 50, 11827. 
(7) Jacobsen, E. N. Acc. of Chem. Res. 2000, 33, 421. 
(8) Sekine, A.; Ohshima, T.; Shibasaki, M. Tetrahedron 2002, 58, 75. 
(9) Hou, X.-L.; Wu, J.; Dai, L.-X.; Xia, L.-J.; Tang, M.-H. Tetrahedron: Asymmetry 
1998, 9, 1747. 
(10) Arai, K.; Salter, M. M.; Yamashita, Y.; Kobayashi, S. Angew. Chem. Int. Ed. 2007, 
46, 955. 
(11) Gao, B.; Wen, Y.; Yang, Z.; Huang, X.; Liu, X.; Feng, X. Adv. Synth. Catal. 2008, 
350, 385. 
(12) Jacobsen, E. N.; Kakiuchi, F.; Konsler, R. G.; Larrow, J. F.; Tokunaga, M. 
Tetrahedron Lett. 1997, 38, 773. 
(13) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936. 
(14) (a) Breinbauer, R.; Jacobsen, E. N. Angew Chem Int Ed. 2000, 39, 3604. (b) Ready, 
J. M.; Jacobsen, E. N. J. Am. Chem. Soc. 2001, 123, 2687. (c) Ready, J. M.; 
Jacobsen, E. N. Angew Chem Int Ed. 2002, 41, 1374. 
(15) Ready, J. M.; Jacobsen, E. N. J. Am. Chem. Soc. 1999, 121, 6086. 
(16) Matsunaga, S.; Das, J.; Roels, J.; Vogl, E. M.; Yamamoto, N.; Iida, T.; Yamaguchi, 
K.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122, 2252. 
(17) Cole, B. M.; Shimizu, K. D.; Krueger, C. A.; Harrity, J. P. A.; Snapper, M. L.; 
Hoveyda, A. H. Angew Chem Int Ed. 1996, 35, 1668. 
(18) Schaus, S. E.; Jacobsen, E. N. Org. Lett. 2000, 2, 1001. 
! 165!
(19) Oguni, N.; Miyagi, Y.; Itoh, K. Tetrahedron Lett. 1998, 39, 9023. 
(20) Bandini, M.; Cozzi, P. G.; Melchiorre, P.; Umani-Ronchi, A. Angew. Chem. Int. Ed. 
2004, 43, 84. 
(21) Nugent, W. A. J. Am. Chem. Soc. 1998, 120, 7139. 
(22) Denmark, S. E.; Barsanti, P. A.; Wong, K.-T.; Stavenger, R. A. J. Org. Chem. 1998, 
63, 2428. 
(23) Tao, B.; Lo, M. M. C.; Fu, G. C. J. Am. Chem. Soc. 2000, 123, 353. 
(24) Pu, X.; Qi, X.; Ready, J. M. J. Am. Chem. Soc. 2009, 131, 10364. 
(25) Iida, T.; Yamamoto, N.; Sasai, H.; Shibasaki, M. J. Am. Chem. Soc. 1997, 119, 4783. 
(26) Nandakumar, M. V.; Tschop, A.; Krautscheid, H.; Schneider, C. Chem. Commun. 
2007, 2756. 
(27) Sun, J.; Yang, M.; Yuan, F.; Jia, X.; Yang, X.; Pan, Y.; Zhu, C. Adv. Synth. Catal. 
2009, 351, 920. 
(28) (a) Hanamoto, T.; Furuno, H.; Sugimoto, Y.; Inanaga, J. Synlett 1997, 1, 79. (b) 
Hayano, T.; Sakaguchi, T.; Furuno, H.; Ohba, M.; Okawa, H.; Inanaga, J. Chem. 
Lett. 2003, 32, 608. 
(29) (a) Hamilton, G. L.; Kanai, T.; Toste, F. D. J. Am. Chem. Soc. 2008, 130, 14984. (b) 
Zhang, Q.-W.; Fan, C.-A.; Zhang, H.-J.; Tu, Y.-Q.; Zhao, Y.-M.; Gu, P.; Chen, 
Z.-M. Angew. Chem. Int. Ed. 2009, 48, 8572. 
(30) (a) Akiyama, T. Chem. Rev. 2007, 107, 5744. (b) Terada, M. Synthesis 2010, 2010, 
1929. 
! 166!
(31) (a) Hatano, M.; Moriyama, K.; Maki, T.; Ishihara, K. Angew. Chem. Int. Ed. 2010, 
49, 3823. (b) Klussmann, M.; Ratjen, L.; Hoffmann, S.; Wakchaure, V.; Goddard, 
R.; List, B. Synlett 2010, 2010, 2189. 
(32) (a) Ingle, G. K.; Liang, Y.; Mormino, M. G.; Li, G.; Fronczek, F. R.; Antilla, J. C. 
Org. Lett. 2011, 13, 2054. (b) Larson, S. E.; Li, G.; Rowland, G. B.; Junge, D.; 
Huang, R.; Woodcock, H. L.; Antilla, J. C. Org. Lett. 2011, 13, 2188. (c) Shi, S.-
H.; Huang, F.-P.; Zhu, P.; Dong, Z.-W.; Hui, X.-P. Org. Lett. 2012, 14, 2010. 
(33) (a) Zheng, W.; Zhang, Z.; Kaplan, M. J.; Antilla, J. C. J. Am. Chem. Soc. 2011, 133, 
3339. (b) Zhang, Z.; Zheng, W.; Antilla, J. C. Angew. Chem. Int. Ed. 2011, 50, 
1135. 
(34) Rueping, M.; Bootwicha, T.; Kambutong, S.; Sugiono, E. Chem. Asian J. 2012, 7, 
1195. 
(35) Lv, J.; Li, X.; Zhong, L.; Luo, S.; Cheng, J.-P. Org. Lett. 2010, 12, 1096. 
(36) Drouet, F.; Lalli, C.; Liu, H.; Masson, G. r.; Zhu, J. Org. Lett. 2010, 13, 94. 
(37) Alix, A.; Lalli, C.; Retailleau, P.; Masson, G. J. Am. Chem. Soc. 2012, 134, 10389. 
(38) Hatano, M.; Ikeno, T.; Matsumura, T.; Torii, S.; Ishihara, K. Adv. Synth. Catal. 
2008, 350, 1776. 
(39) Lacasse, M.-C.; Poulard, C.; Charette, A. B. J. Am. Chem. Soc. 2005, 127, 12440. 
(40) (a) Tiecco, M.; Testaferri, L.; Santi, C.; Tomassini, C.; Bonini, R.; Marini, F.; 
Bagnoli, L.; Temperini, A. Org. Lett. 2004, 6, 4751. (b) Okamoto, K.; 
Nishibayashi, Y.; Uemura, S.; Toshimitsu, A. Tetrahedron Lett. 2004, 45, 6137. 
(c) Yang, M.; Zhu, C.; Yuan, F.; Huang, Y.; Pan, Y. Org. Lett. 2005, 7, 1927. 
(41) Tan, Q.; Hayashi, M. Org Lett 2009, 11, 3314. 
! 167!
(42) Tu, Z.; Mach, R. H.; Wang, W.; Parsons, S. M.; Vol. U.S.2011.311447 A1 Dec 22, 
2011. 
(43) Mai, E.; Schneider, C. Chemistry 2007, 13, 2729. 
(44) Cavdar, H.; Saracoglu, N. Eur. J. Org. Chem. 2008, 2008, 4615. 
(45) (a) Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis, W. M.; Hoveyda, A. 
H.; Schrock, R. R. J. Am. Chem. Soc. 1999, 121, 8251. (b) Liu, W.-J.; Chen, X.-
H.; Gong, L.-Z. Org. Lett. 2008, 10, 5357. 
(46) (a) Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 
2005, 128, 84. (b) Itoh, J.; Fuchibe, K.; Akiyama, T. Angew Chem Int Ed. 2006, 
45, 4796. 
(47) (a) McDougal, N. T.; Trevellini, W. L.; Rodgen, S. A.; Kliman, L. T.; Schaus, S. E. 
Adv. Synth. Catal. 2004, 346, 1231. (b) Schrock, R. R.; Jamieson, J. Y.; Dolman, 
S. J.; Miller, S. A.; Bonitatebus, P. J.; Hoveyda, A. H. Organometallics 2002, 21, 
409. 
 
 
 
! 168!
Appendix A: Copyright Permission 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 169!
 
 
 
 
 
 
 
Title: Chiral Magnesium BINOL
Phosphate-Catalyzed
Phosphination of Imines: Access
to Enantioenriched α-Amino
Phosphine Oxides
Author: Gajendrasingh K. Ingle, Yuxue
Liang, Michael G. Mormino,
Guilong Li, Frank R. Fronczek,
and Jon C. Antilla
Publication: Organic Letters
Publisher: American Chemical Society
Date: Apr 1, 2011
Copyright © 2011, American Chemical Society
 User ID  
 
 Password  
 
 Enable Auto Login
Forgot Password/User ID?
If you're a copyright.com
user, you can login to
RightsLink using your
copyright.com credentials.
Already a RightsLink user or
want to learn more?
PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:
Permission is granted for your request in both print and electronic formats, and translations.
If figures and/or tables were requested, they may be adapted or used in part.
Please print this page for your records and send a copy of it to your publisher/graduate
school.
Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.
One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.
    
 Copyright © 2012 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Comments? We would like to hear from you. E-mail us at customercare@copyright.com 
! 170!
 
 
 
 
 
 
 
Title: Chiral Phosphoric Acid-Catalyzed
Addition of Thiols to N-Acyl
Imines: Access to Chiral N,S-
Acetals
Author: Gajendrasingh K. Ingle, Michael
G. Mormino, Lukasz Wojtas, and
Jon C. Antilla
Publication: Organic Letters
Publisher: American Chemical Society
Date: Sep 1, 2011
Copyright © 2011, American Chemical Society
 User ID  
 
 Password  
 
 Enable Auto Login
Forgot Password/User ID?
If you're a copyright.com
user, you can login to
RightsLink using your
copyright.com credentials.
Already a RightsLink user or
want to learn more?
PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:
Permission is granted for your request in both print and electronic formats, and translations.
If figures and/or tables were requested, they may be adapted or used in part.
Please print this page for your records and send a copy of it to your publisher/graduate
school.
Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.
One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.
    
 Copyright © 2012 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement. Comments? We would like to hear from you. E-mail us at customercare@copyright.com 
